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Abstract
The nitrogen-vacancy center, a point defect in diamond, is a promising quan-
tum sensor for magnetic field sensing with high sensitivity and high spatial
resolution under ambient conditions. Such a magnetometer has potential
applications in various fields, including neuroscience, microelectronics, and
nanoscale magnetic resonance microscopy.
This thesis presents cavity-enhanced magnetic field sensing using ensem-
bles of nitrogen-vacancy centers in diamond. We apply a phase-sensitive de-
tection method in our experiments and discuss our efforts regarding exploring
the ideal modulation conditions. We demonstrate a∼ 400 pT/√Hz magnetic
noise density spanning a bandwidth up to 125 Hz, by measuring the changes
in the fluorescence level. Using a five-level model for nitrogen-vacancy cen-
ters, a physical model is developed that shows excellent agreement with the
measured optically detected magnetic resonance spectra.
Furthermore, we introduce an alternative technique for measuring the
electron spin-states of nitrogen-vacancy centers based on recording the ab-
sorption of the pump light. This method is employed for magnetic field
sensing, and a magnetic noise floor of ∼ 100 nT/√Hz is measured spanning
a bandwidth up to 125 Hz. We modified the five-level model to describe
the absorption detected magnetic resonance of a diamond placed inside an
optical cavity. The model agrees very well with experiments.
v
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Resume´
Nitrogenvakancecentret, som er en punktdefekt i diamant, er en lovende
kvantemekanisk magnetfeltsensor som kan detektere magnetfelter med høj
rumlig opløsning. Et s˚adant magnetometer har anvendelsespotentiale inden-
for flere forskellige omr˚ader, heriblandt neurovidenskab, mikroelektronik og
magnetisk resonansmikroskopi p˚a nanoskala.
Denne afhandling præsenterer kavitetforstærket magnetfeltsdetektion med
ensembler af nitrogenvakancecentre i diamant. Eksperimentelt anvendes en
fasefølsom ma˚lemetode, og vi diskuterer vores arbejde med at karakterisere de
ideelle modulationsparametre. En magnetisk støjtæthed p˚a ∼ 400 pT/√Hz
i en b˚andbredde af 125 Hz er demonstreret ved at ma˚le ændringerne i fluo-
rescensintensiteten. En fysisk model med fem energiniveauer er udviklet for
nitrogenvakancecentret, og den stemmer fremragende overens med de optisk
detekterede magnetiske resonanser.
Endvidere introducerer vi en alternativ teknik til bestemmelse af elek-
tronspintilstande i nitrogenvakancecentre, som er baseret p˚a m˚alinger af ab-
sorptionen af pumpelyset. Denne metode anvendes til magnetfeltsdetektion,
og der er m˚alt en magnetisk grundstøj p˚a ∼ 100 nT/√Hz i en b˚andbredde
af 125 Hz. Vi har modificeret fem-niveau-modellen for at simulere absorp-
tionsdetekteret magnetisk resonans i en diamant placeret i en optisk kavitet.
Modellen stemmer glimrende overens med eksperimentelle resultater.
vii
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Chapter 1
Introduction
This chapter includes a short motivation highlighting the importance of mag-
netic field sensing. Next, certain state-of-the-art high-sensitive magnetome-
ters are introduced. Finally, the structure of this thesis is presented.
1.1 The importance of magnetic field sensing
Magnetic fields are present everywhere around us. These fields are cre-
ated from magnetic dipoles or moving charges and are generated by various
sources. The Earth’s magnetic field may have been the first of this type of
field that humans paid attention to. We made simple compasses to sense this
magnetic field and used them for positioning.
Later, we modeled this phenomenon by classical physics, and today, we
explain it using quantum theory. We realized that certain animals can detect
magnetic fields and use them for navigation, and some even use quantum
mechanics to perform this navigation [1].
We also learned to use magnetism by developing new technological devices
to generate, manipulate, and sense magnetic fields. Nowadays, we detect our
orientation with the magnetometers in our smartphones, we apply magnetic
resonance imaging for medical diagnoses, and we magnetically store informa-
tion on hard disk drives and magnetic stripes on credit cards.
Additionally, electric impulses in animals, including humans, create weak
magnetic fields. Highly sensitive devices are needed to measure the magnetic
signals produced by the heart during cardiocycles with a technique called
magnetocardiography or those produced by brain activity with a technique
called magnetoencephalography. The sensing and imaging of such signals
pave the way for advanced, earlier medical diagnoses and touch the lives of
many.
1
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The aforementioned examples highlight the importance of sensing very
weak magnetic fields, especially for biomedical applications.
1.2 Magnetic sources and sensor competitors
There are various magnetic field sources around us. The amplitudes of certain
environmental and biomagnetic fields are shown in Fig. 1.1. The unit of a
magnetic field is the Tesla. One Tesla of magnetic field is a very strong
field. Therefore, magnetic fields are usually reported in sub-Tesla units. For
instance, we are surrounded by Earth’s magnetic field, which is in the range
of a few tens of micro-Tesla. The electric impulses in our body are another
source of much weaker magnetic fields. Biomedical fields are in the range of
nano-Tesla to femto-Tesla, and a magnetometer should be able to sense such
weak fields to be practical for biomedical applications.
Figure 1.1: Amplitudes of various environmental and biomagnetic signals.
Data taken from Ref. [2].
Next, we introduce three different sensitive magnetometers, certain of
which are already being used for sensing biomagnetic fields.
2
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Superconducting quantum interference devices
One extremely sensitive magnetometer is the superconducting quantum in-
terference device (SQUID) based on Josephson tunneling [3, 4].
The direct current (DC) SQUID consists of two Josephson junctions in
a superconducting loop. Biasing the current in a DC SQUID divides the
current between two branches, each with a Josephson junction. An exter-
nal magnetic flux generates a circulating current in the loop, which leads to
different currents in each branch. Due to flux quantization in the loop, an
oscillating voltage appears across the loop. Therefore, the SQUID acts as a
flux-to-voltage transducer. Another type of SQUID is the radio frequency
(RF) SQUID, which consists of only one Josephson junction in a supercon-
ducting loop.
Due to the superconducting loops in SQUIDs, they are typically operated
at 4.2 K, the temperature of liquid helium. The use of high-temperature
superconductors can increase the operating temperature to the temperature
of liquid nitrogen. Sub-femto-Tesla sensitivities have been demonstrated by
SQUIDs [5]. SQUIDs also have bandwidths from low frequencies to over
1 GHz [3]. Their high sensitivities and large bandwidth ranges make SQUIDs
one of the best devices for sensing magnetic fields.
Spin exchange relaxation-free magnetometers
Spin exchange relaxation-free (SERF) magnetometers are another group of
very sensitive magnetometers. As the name implies, spin exchange relax-
ation is avoided in this type of magnetometer. SERFs consist of an atomic
medium containing a high density of alkali atoms that have intrinsic mag-
netic moments. A high density of atoms in a near-zero magnetic field at
a high temperature causes spin-exchange collisions to occur faster than the
precession frequency, and thus, decoherence due to spin-exchange interaction
is eliminated [4].
The sensing of magnetic fields with SERFs is based on the interaction
between the atoms and the magnetic field, which is governed by the Zeeman
effect. SERFs sense magnetic fields through the following steps: The spin
state of an atomic medium is polarized by an optical pump. The spin angular
momentum precesses due to the torque produced by an external magnetic
field. This precession of the magnetic moments affects the light passing
through the medium, and thus, a probe beam can measure the precession
frequency and extract information regarding the external magnetic field [4].
Sub-femto-Tesla sensitivities have been demonstrated by SERFs [6, 7].
Recently, a cesium vapor magnetometer was able to detect the magnetic
3
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field generated by the action potential of a frog sciatic nerve [8]. In addition,
a human brain has been imaged by a movable and wearable magnetometer
using rubidium atoms [9].
Atomic magnetometers are superior to SQUIDs due to their high sensi-
tivities with no requirements for cryogenic temperatures. However, atomic
magnetometers can operate at near-zero magnetic field, and usually the sen-
sor requires heating.
Nitrogen-vacancy centers in diamond
Magnetometry performed with these quantum defects in diamond is the topic
of this thesis and is discussed in detail in the next chapter. In short, this is an
attractive technology as diamond magnetometers are capable of operating in
an unshielded environment at room temperature. Moreover, the biocompat-
ibility of diamond makes it a suitable material for biosensing applications.
1.3 Thesis structure
This thesis consists of eight chapters. Chapter 2 introduces the background
of the nitrogen-vacancy center and its properties for magnetic field sensing.
Chapter 3 presents an experimental framework for magnetometry. Chapter 4,
Chapter 5, Chapter 6, and Chapter 7 include the published results from this
PhD study. Finally, an outlook is presented in Chapter 8.
4
Chapter 2
Sensing With
Nitrogen-Vacancy Centers
The nitrogen-vacancy (NV) center is a promising system for various quantum
sensing applications. There have been several studies regarding the use of
NV centers to sense magnetic fields [10, 11], electric fields [12, 13], pressure
[14], and temperature [15, 16] at high sensitivities and spatial resolutions
under ambient conditions. Furthermore, applications of NV centers have
been demonstrated in the fields of neuroscience [17, 18], cellular biology [19–
21], nanoscale magnetic resonance microscopy [22–25], paleomagnetism [26],
microelectronics [27–29], masers [30], random number generation [31], and
fundamental science [32–34].
In the first part of this chapter, we start by introducing certain defects
in diamond and presenting the main processes to synthesize single-crystal
diamond. Next, we discuss the crystallographic and electronic configuration
of the NV center in more detail.
In the second part of this chapter, we focus on sensing magnetic fields with
NV centers, introduce spin-state initialization, manipulation, readout, and
optically detected magnetic resonance technique. We continue by presenting
Hamiltonian and a rate equation model. In the last section, continuous-wave
magnetometry is presented as an approach for optical magnetometry with
NV centers.
2.1 Defects in diamond
Diamond is a solid phase of carbon with many exceptional properties. Di-
amond has an extreme rigidity and a high thermal conductivity [35]. Its
mechanical properties make it a practical material for industrial applica-
5
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tions, for instance, for processing other materials. Furthermore, diamond is
an attractive candidate for bioapplications due to its biocompatibility and
optical properties [36].
Additionally, diamond is intriguing for quantum physics because of prop-
erties that surprisingly arise from impurities in its crystal structure. Point
defects are common defects in a diamond crystal. Such defects are called
color centers, as they give the diamond a particular color.
Progress has been made in studying different types of color centers in dia-
mond such as the nitrogen-vacancy [37], silicon-vacancy [38–42], germanium-
vacancy [43–47], and tin-vacancy [48]. Color centers have been employed in
quantum sensing [49], quantum information processing [50–52], and single
photon sources [31, 40]. We continue this chapter on synthesizing diamond
with a focus on only one type of color center, the NV center.
2.1.1 Diamond synthesis
Natural diamonds are mostly formed in the Earth’s mantle under high pres-
sure and temperature conditions. Although natural diamonds are valuable,
synthesized diamonds can be preferable for quantum applications due to the
presence of undesired defects and inhomogeneities in natural crystals. Fur-
thermore, certain properties of synthesized diamond are controllable during
diamond growth.
There are two main approaches to synthesizing diamond: High pressure
high temperature (HPHT) and chemical vapor deposition (CVD).
Initially, man-made diamond was synthesized using the HPHT method
[53]. This technique resembles the growth conditions of natural diamond.
Diamonds grown by HPHT usually have a yellow color because of their high
concentrations of nitrogen impurities, a few ten to a few hundred parts per
million (ppm), which come from the atmosphere or the growth materials [54].
The most common process for growing diamond is the CVD technique
[55]. This technique is based on chemical reactions in the presence of differ-
ent gaseous sources and the nucleation and growth of diamond on a crystal
substrate. Typically, the flow is a mixture of hydrogen and methane [55]. Us-
ing the CVD process, diamond can be synthesized with more control during
growth and on a larger substrate.
2.1.2 Diamond type classification
Diamond generally is classified according to its nitrogen and boron impurities
and the arrangement of the atoms in the lattice [56]. If the concentration of
nitrogen atoms is higher than 5 ppm (typically 100 ppm to 3000 ppm), the
6
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diamond is categorized as a type I diamond. A nitrogen concentration of less
than 5 ppm categorizes the diamond as type II [57].
Type I and type II diamonds are further subdivided. Type Ia diamonds
contain aggregated nitrogen, while type Ib diamonds contain single substitu-
tional nitrogen atoms. For a type II diamond, depending on whether nitrogen
or boron is the main impurity, the diamond is type IIa or type IIb, respec-
tively [57]. More than 98% of natural diamonds are type I, and most CVD
diamonds are type IIa [57].
2.2 Nitrogen-vacancy center
Nitrogen is the most common impurity in diamond [56] and is the building
block of the NV center. In this section, we introduce certain physics of the
NV center including its crystallographic structure in the diamond lattice,
charge states, energy levels, isotope variations, and absorption and fluores-
cence behavior.
2.2.1 Crystallographic structure
The NV center is a point defect in the diamond lattice consisting of single
substitutional nitrogen atom next to a vacancy. A diamond lattice with an
NV center is shown in Fig. 2.1. The line that connects the nitrogen atom
to the vacancy determines the NV axis. There are four possible orientations
for an NV center based on the position of the NV axis in a single-crystal
diamond.
2.2.2 Charge-state and isotope variations
The potential charge states of an NV center are neutral NV0, negative NV−,
and positive NV+. There have been studies regarding the ionization dynam-
ics of single NV centers [58–60] as well as the conversion of charge states
and its application for storing information [61]. However, the NV− state has
important optical and spin properties from the magnetometry perspective
that is the focus of this thesis. Therefore, for the rest of this thesis, NV− is
denoted NV for simplicity.
There are six electrons associated with an ionized NV; two electrons are
contributed from the dangling bond of the nitrogen atom, the three unpaired
electrons of the vacancy come from the neighboring carbon atoms, and one
electron is from a donor in the diamond lattice.
7
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Nitrogen has two stable isotopes, 14N with a natural abundance of 99.64%
[62] and nuclear spin I = 1 and 15N with a natural abundance of 0.36% [62]
and nuclear spin I = 1/2. The variation in the nuclear spins of nitrogen
atoms results in two types of NV centers with different hyperfine structures.
Figure 2.1: Crystal structure of the NV center in diamond. The carbon
atoms and the nitrogen atom are shown in black and blue, respectively. The
vacancy is represented by a yellow halo.
2.2.3 Electronic configuration and optical transition
The electronic energy levels of the NV center are depicted in Fig. 2.2. These
energy levels consist of the spin-triplet ground state |g〉, spin-triplet excited
state |e〉, and shelving state |s〉. The shelving state includes at least two
intermediate singlet states [37]. In this thesis, we do not apply the transition
between singlet states for magnetometry, and thus, we only consider one
singlet state for the sake of simplicity.
The ms = 0 and ms = ±1 sublevels in the ground state and the excited
state experience zero-field splittings of Dg ∼ 2.87 GHz and De ∼ 1.42 GHz,
respectively, due to spin-spin interaction between unpaired electrons [63, 64].
The zero-field splitting is temperature dependent at a rate of -74.2 kHz/K
[65].
The transition between |g〉 and |e〉 has an optical zero-phonon line at
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637 nm [37]. This optical transition is mainly spin-conserving [49]. However,
the shelving state is a nonradiative decay path that is spin-selective. We dis-
cuss its role in spin initialization in the next section. Although a 532 nm laser
is generally used for excitation, NV centers can be excited in the wavelength
range of ∼ 450 nm to 637 nm. The fluorescence emitted from an excited
NV center has a wavelength in the range of ∼ 637 nm to 800 nm [4]. The
broadband phonon-sideband at room temperature is the reason behind such
a broad wavelength range.
Figure 2.2: Energy level diagram of the NV center consisting of ground states
|g〉, excited states |e〉, and a shelving state |s〉. Solid arrows indicate the zero-
field splittings in the ground state Dg and the excited state De. The optical
transitions are denoted by wiggly arrows. The nonradiative transitions are
denoted by dashed arrows.
Diamond has a refractive index of ∼ 2.42 in the visible spectrum at room
temperature [66]. The mismatch between the high refractive index of dia-
mond and the refractive index of air as the collection medium causes total
internal reflection inside the diamond. Therefore, most photons do not exit
diamond, which results in low photon collection efficiencies.
Various approaches have been studied to increase the photon collection
rate of NV centers. Some examples include fabricating solid immersion lenses
[67, 68], applying a dielectric optical antenna [69], employing a silver mirror
9
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[70], emitting through nanopillar waveguides [71], using a parabolic collector
[72], coupling to a microcavity [73, 74], collecting light from the edges of the
diamond [75], and placing prisms on the edges of the diamond [76, 77].
In the next section, we illustrate how to sense an unknown magnetic field
by using the optical and spin properties of NV centers.
2.3 Spin-state initialization and readout
An important property of the NV center is that its spin state can be initialized
and detected optically. The spin-selective property of the shelving state
results in polarization of the electron spin of the NV center into ms = 0 in
the ground state under continuous optical pumping. Initialization is generally
the first step in the sensing procedure. NV centers are excited by pumping
with a 532 nm laser, which excites the NV center above the zero-phonon
line. This excited NV center decays to |e〉 on a time scale of picoseconds
[78] by nonradiative transitions. An NV center, which is initially at ms = 0
in the ground state, absorbs a photon and is transferred to ms = 0 in the
excited state. As we discussed in the previous section, this transition is
spin-conserving. Later, the NV center has a high probability of emitting a
fluorescence photon and decaying to ms = 0 in the ground state. Similarly, if
an NV center is initially at ms = ±1 in the ground state, it is transferred to
ms = ±1 in the excited state by absorbing a pump photon. However, in this
case, it is more probable for the NV center to decay through the nonradiative
decay path than in the case of ms = 0. After several cycles of excitation and
relaxation, NV centers accumulate at ms = 0 in the ground state with high
probability. As it is more probable for the NV center at ms = 0 in the ground
state to emit a fluorescence photon under optical pumping, it is often called
the bright state, whereas ms = ±1 is called the dark state for similar reason.
Continuously pumping a polarized NV center repeats the excitation and
relaxation cycles. Therefore, the NV center continuously emits fluorescence
photons with red wavelengths. Red photons can be detected by filtering
the pump light using a long-pass optical filter. On the other hand, the
ms = 0↔ ms = ±1 transition in the ground state is accessible with mi-
crowave (MW) wavelengths. If we generate an MW field with an MW an-
tenna in the vicinity of an NV center and sweep the MW frequency while
optically pumping the NV center, we hit the ms = 0↔ ms = ±1 transi-
tion at a certain MW frequency. Emitting an MW field resonant with the
ms = 0↔ ms = ±1 transition transfers the population to the dark state,
ms = ±1, and thus reduces the emitted fluorescence counts. Monitoring the
fluorescence count rate results in an optically detected magnetic resonance
10
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(ODMR) spectrum. The population transfer from the bright state to the
dark state is visible as a peak at ∼ 2.87 GHz in the ODMR spectrum.
An external magnetic field lifts the degeneracy of ms = ±1 in the ground
state as shown in Fig. 2.3. The splitting is proportional to the applied mag-
netic field B, increasing at 2γeB where γe is the electron gyromagnetic ratio,
and γe/2pi ∼ 28025 MHz/T [79]. In the presence of a static magnetic field,
the ODMR spectrum contains two separate peaks generated from electron
spin resonances of the ms = 0↔ ms = −1 and ms = 0↔ ms = +1 transi-
tions.
Figure 2.3: Schematic of the NV ground state electronic structure in the
absence and in the presence of a magnetic field. The degeneracy of the
ground state is lifted by a magnetic field, resulting in an energy difference of
2γeB.
The ODMR spectrum in the absence of a magnetic field is plotted in
Fig. 2.4 (a). The frequency of this peak corresponds to zero-field splitting.
The ODMR spectrum in Fig. 2.4 (b) indicates the presence of a static mag-
netic field in the environment.
There are four possible spin orientations for NV centers in single-crystal
diamond. The angle between each different pair of the possible orientations
is 109.4◦. For ensembles of NV centers, four spin orientations result in eight
possible peaks in the ODMR spectrum in the presence of an external static
magnetic field. Moreover, the resonance frequency associated with each spin
11
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transition depends on the magnitude and direction of the magnetic field [80].
Figure 2.4: ODMR spectra (a) in the absence of a magnetic field and (b)
in the presence of an external magnetic field. The magnetic field lifts the
degeneracy of the ms = ±1 states and results in two separate peaks in the
ODMR spectrum.
2.4 Rabi oscillation and spin coherence times
Applying an MW field resonant with the ms = 0↔ ms = +1 or resonant
with ms = 0↔ ms = −1 transitions coherently drives the population be-
tween the two spin states. The pulse sequence for measuring these Rabi
oscillations is shown in Fig. 2.5. For the ms = 0↔ ms = +1 transition, a
laser pulse initializes the spin states to |0〉. Then, an MW pulse transfers
the spin population between |0〉 and |+1〉 spin states. The spin state is de-
tected by exciting the NV center with a laser pulse and recording the emitted
fluorescence. The population transfer can be measured as a function of the
length of the MW pulse. For an ensemble of spins, the Rabi signal decays
due to inhomogeneous broadening and also detuning of hyperfine transitions
[81]. The Rabi frequency, Ω/2pi, depends on the amplitude of the MW field
applied by:
Ω = γeB. (2.1)
In practice, the coherence of the electron spin ensembles is dominated by
dephasing time T∗2. Inhomogeneity in the environment causes dephasing of
the NV spins in diamond. Diamond is composed of carbon atoms. The most
abundant carbon isotope is 12C at a natural abundance of 98.89% [62]. 12C
is nuclear spin free and therefore not magnetically active. In contrast, the
12
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13C isotope, at a natural abundance of 1.11% [62] and nuclear spin I = 1/2,
is the main source of paramagnetic impurities in the spin bath. Magnetic
field fluctuations from the local spin bath contribute to NV spin dephasing.
Figure 2.5: Pulse sequence for measuring Rabi oscillation.
Ramsey measurement is a technique for obtaining T∗2. The pulse sequence
is shown in Fig. 2.6. First, the spin state is initialized in the |0〉 state with
a laser pulse. If the ms = 0↔ ms = +1 transition is considered, an initial
pi/2 MW pulse transfers the spin population to the superposition of the |0〉
and |+1〉 states. The spin precesses for time τ due to coupling with magnetic
fields. A second MW pulse projects the population to the |+1〉 state. The
spin state is detected optically by measuring the fluorescence after the last
laser pulse. The free induction decay curve is the outcome of the Ramsey
measurement, and its decay envelope corresponds to T∗2.
In this thesis, we performed Rabi and Ramsey measurements with an
ensemble of NV centers inside an optical cavity. The results are presented in
the next chapter.
Figure 2.6: Ramsey pulse sequence for measuring spin dephasing time.
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Moreover, the spins experience decoherence and relaxation characterized
by T2 and T1, respectively. The dominant source of the spin decoherence is
the interaction with nearby spins. The coherence time can be measured with
a Hahn echo pulse sequence. A long spin coherence time of T2 = 1.8 ms at
room temperature has been obtained for ultrapure, isotopically engineered
diamond with 99.9% 12C concentration [82].
The relaxation process causes the spins to flip and thus returns the polar-
ized spin population to a thermally mixed state. This process is attributed to
spin interaction with phonons in the diamond lattice. Long relaxation times
T1 of up to 8 hours have been demonstrated with NV centers at cryogenic
temperatures [83].
2.5 Hamiltonian formalism
The spin Hamiltonian of NV centers in the presence of an external magnetic
field can be formulated in terms of different contributions as [37, 84]:
H = HZFS +HHF +HI +HHF,ext +HB, (2.2)
where HZFS denotes the zero-field splitting contribution, the hyperfine in-
teraction of the NV electron spin with nitrogen nuclear spin is represented
by HHF , HI is the higher order quadrupole interaction, HHF,ext indicates
the hyperfine interaction of the NV electron spin with external nuclear spins,
and the interaction with the magnetic field is included in HB.
Substituting each term and denoting the electron spin and nuclear spin
matrices with S and I, respectively, the Hamiltonian becomes:
H
h¯
= STDS + STAHF I + ITQII +
N∑
i=1
STAHF Ii + µBge
h¯
STB, (2.3)
where D is the zero-field splitting tensor, AHF indicates the hyperfine inter-
action tensor, Q represents the quadrupole interaction tensor, µB is the Bohr
magneton, and ge is the g-factor.
Equation 2.3 is simplified by diagonalizing each tensor with respect to
the NV axis, neglecting the strain in the diamond lattice, and discarding the
interaction with external nuclear spins:
H
h¯
= D(S2z −
2
3
) + A⊥(SxIx + SyIy) + A‖SzIz +Q(I2z −
2
3
) + γeSzBz,
(2.4)
where A⊥ and A‖ are non-axial and axial magnetic hyperfine parameters,
respectively, and γe = µBge/h¯ denotes the electron gyromagnetic ratio.
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2.6 Rate equation model
The ODMR spectrum can be modeled by considering a Hamiltonian that
incorporates the resonant drive between two spin states in the ground state.
We consider five electronic levels for NV centers as illustrated in Fig. 2.7.
Figure 2.7: Schematic of NV center electronic levels to model transitions and
the ODMR spectrum. The NV centers are excited with a rate of Γp. The
decay between two states is shown by kab, and Ω corresponds to the Rabi
frequency of the MW drive. The longitudinal relaxation rate is denoted by
blue arrow. Figure taken from Ref. [85].
Using a rotating reference frame with the MW drive and the rotating
wave approximation, the system of equations becomes:
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ρ˙11 = −Γpρ11 + k31ρ33 + k41ρ44 + k51ρ55 − k21
2
(ρ11 − ρ22)− i
2
Ω(ρ12 − ρ21),
(2.5)
ρ˙22 = −Γpρ22 + k32ρ33 + k42ρ44 + k52ρ55 − k21
2
(ρ22 − ρ11) + i
2
Ω(ρ12 − ρ21),
(2.6)
ρ˙33 = Γpρ11 − (k35 + k32 + k31)ρ33, (2.7)
ρ˙44 = Γpρ22 − (k45 + k42 + k41)ρ44, (2.8)
ρ˙55 = k45ρ44 + k35ρ33 − (k52 + k51)ρ55, (2.9)
ρ˙12 = −(γ′2 − i∆)ρ12 +
i
2
Ω(ρ22 − ρ11), (2.10)
ρ˙21 = −(γ′2 + i∆)ρ21 −
i
2
Ω(ρ22 − ρ11), (2.11)
where Γp is the pump rate, kab is the decay between states a and b, and
∆ = (ωc − ω0) is the detuning between the MW angular frequency and the
angular frequency of the electron spin resonance. We define the spin and
optical dephasing rates as γ2 = k21/2 + γ
∗
2 and γ
′
2 = γ2 + Γp/2, respectively.
The steady-state solutions for the ground-state populations become:
ρss11 =
[
1 + Ξ +
Γp
K3
+
ΓpΞ
K4
+
k35Γp
K3K5
+
k45ΓpΞ
K5K4
]−1
, (2.12)
ρss22 =
[
1 +
1
Ξ
+
Γp
K4
+
Γp
K3Ξ
+
k45Γp
K4K5
+
k35Γp
K5K3Ξ
]−1
, (2.13)
Ξ =
[(
k21
2
)
+
(
Γp(k32K5+k52k35)
K3K5
)
+
(
Ω2γ′2
2(γ′22 +∆2)
)]
[
Γp +
(
k21
2
)− (Γp(k42K5+k52k45)
K4K5
)
+
(
Ω2γ′2
2(γ′22 +∆2)
)] , (2.14)
where:
K3 = k31 + k32 + k35, (2.15)
K4 = k41 + k42 + k45, (2.16)
K5 = k51 + k52. (2.17)
16
2.7. CONTINUOUS-WAVE MAGNETOMETRY
The steady-state population of the excited state defines the ODMR spec-
trum as:
Icw =
(k31 + k32
K3
)
ρss33 +
(k41 + k42
K4
)
ρss44, (2.18)
which is proportional to the steady-state population of the ground state:
Icw =
(k31 + k32
K3
) Γp
K3
ρss11 +
(k41 + k42
K4
) Γp
K4
ρss22. (2.19)
The ODMR spectrum can be represented by a Voigt profile, which is the
convolution of the Gaussian and Lorentzian densities. For the case of ho-
mogeneous broadening, the ODMR spectrum is equivalent to the Lorentzian
profile:
Scw(ωc) = IΩ=0cw
(
1− Cγ
2
∆2 + γ2
)
≡ Icw, (2.20)
where:
C = 1− I
∆=0
cw
IΩ=0cw
, 2γ ≈ γ∗2 +
1
2pi
√
γ22 +
γ2Ω2
k21 + Γp
, (2.21)
where IΩ=0cw is the ODMR spectrum when Ω = 0, C is the contrast, and γ is
the half width at half maximum.
We apply this model in Chapter 4 and Chapter 5 to simulate ODMR
spectra. Decay rate values were extracted from Ref. [86].
2.7 Continuous-wave magnetometry
There are various protocols to measure an external magnetic field with NV
centers. Here, we describe the straightforward method that we applied in
our experiments. Information regarding unknown magnetic fields in the en-
vironment can be extracted from the shift in the resonance frequency of the
NV electron spins [87, 88]. Initially, a known static magnetic field splits the
ODMR peaks of the four possible NV orientations in a bulk diamond. Then,
the MW field is set to the frequency where the highest slope of the ODMR
of one of the NV orientations is obtained. The highest slope is the most sen-
sitive to changes in the magnetic field. Any unknown magnetic field shifts
the electron spin resonance frequency due to the Zeeman effect, changing the
fluorescence signal by an amount proportional to the slope. The changes in
the resonance frequency are detected by monitoring the fluorescence signal.
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Moreover, the vector components of the external field can be reconstructed
by monitoring the shifts in the resonance frequencies of the three NV orien-
tations.
Alternative magnetic field sensing techniques have been demonstrated
that use NV centers, for instance, magnetometry by recording the fluores-
cence change at the ground-state level anticrossings of NV centers [89, 90]
and by measuring the variations in the infrared absorption of the shelving
states [91–93]. In Chapter 6, we introduce a different magnetometry method
that uses NV centers based on measuring the absorption of the pump light
[94].
Continuous-wave magnetometry is the basis of the magnetic field sensing
in all the experiments in this thesis. Additionally, magnetic field sensing can
be performed using pulsed-field magnetometry and dynamical decoupling
schemes [95, 96].
In the next chapter, we discuss the experimental realization of magnetic
field sensing with an ensemble of NV centers using the same method we
introduced in this section.
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Experimental Framework
We present the framework for the experimental realization of magnetic field
sensing with an ensemble of NV centers. We begin by introducing the dia-
mond crystal and the required components for controlling the spin-state such
as delivering an MW field and optical excitation. Next, we discuss the optical
cavity and stabilization method, and the phase-sensitive detection technique.
Finally, the experimental setup for the electron spin resonance measurements
is presented.
3.1 Diamond sample
We obtained our diamond crystals from Element Six. The samples that were
used for all experiments in this thesis are untreated single-crystal CVD di-
amonds with dimensions of 6.0 mm x 6.0 mm x 1.2 mm. These CVD-grade
diamonds have type IIa optical properties; the absorption in the optical range
is mainly attributable to nitrogen, and the concentration of nitrogen is re-
ported to be less than 5 ppm by the provider.
If we assume that the concentration ratio between the sum of the neu-
tral and positively charged substitutional nitrogen centers, [N0] + [N+], and
the negatively charged NV centers, [NV−], is approximately 300:1 [97], then
[NV−] is in the range of ∼ 17 ppb. We estimated [NV−] independently
through measurements of the fluorescence count rate using a confocal setup
and obtained a concentration of ∼ 0.16 ppb.
The diamond was cleaned each time before mounting the sample and
performing an experiment. We cleaned the diamond in a boiling triacid
solution of sulfuric acid 95%, nitric acid 65%, and perchloric acid 70% at a
ratio of 1:1:1 for approximately three hours.
In addition, we irradiated certain samples with electrons and annealed,
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cut, and polished certain others. However, we did not use any of them for
the published studies, and therefore, these samples are not discussed in this
thesis.
3.2 Spin-state control and readout
In this section, we discuss two main components for controlling the spin state,
optical and MW drive.
3.2.1 Microwave delivery
We developed various split-ring resonators [98, 99] to deliver a uniform MW
field across a bulk diamond [100]. We simulated the resonance using COM-
SOL and constructed the resonators in-house by a photolithography method.
Figure 3.1 shows an example of the patterning.
Figure 3.1: (a) Pattern of a split-ring resonator. (b) Simulated S11 and S21
components of the scattering parameters. (c) Simulated magnetic field of the
same split-ring resonator as in (a) with a 16 W input power.
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To fabricate a printed circuit board, we used an RO4003C laminate from
the Rogers Corporation that is suitable for MW designs. This hydrocarbon
ceramic laminate has a dielectric constant of 3.38 and a high thermal con-
ductivity. Next, we added a layer of photoresist on the laminate. Then, we
put a mask with a split-ring resonator pattern on the laminate and exposed
it to ultraviolet light. We developed the board with sodium carbonate and
later etched the copper with sodium persulfate. Finally, the residual resist
was removed with sodium hydroxide.
Figure 3.2 (a) shows the S11 component of the scattering parameters
[101] for a fabricated split-ring resonator, which is measured with a network
analyzer. The standing-wave ratio [101] of the same resonator is depicted in
Fig. 3.2 (b) with a resonance centered at 2.89 GHz. In our experiments, the
MW signal was generated with a SG394 RF signal generator from Stanford
Research Systems.
Figure 3.2: Example of the measured (a) S11 component of the scattering
parameters and (b) standing-wave ratio of a fabricated split-ring resonator.
The diamond was glued on the board.
3.2.2 Optical drive
We optically pumped the NV centers with a continuous-wave linearly po-
larized 532 nm laser. We used a Verdi G SLM Coherent laser, which pos-
sesses a single longitudinal mode with a noise of root mean square < 0.02%
from 10 Hz to 100 MHz. We rotated the polarization of the laser beam to
p-polarized to minimize the reflection from the diamond, which was mounted
at its Brewster angle.
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3.2.3 Optical cavity
We constructed a linear optical cavity with two concave mirrors. The sub-
strates and coatings were provided by Laseroptik with measured reflectivities
of R1 = 94.8% ± 0.1% and R2 = 99.8% ± 0.1% at a pump wavelength of
532 nm. Both mirrors had anti-reflection coatings for 532 nm wavelengths
on the flat ends. The mirrors, with radii of curvature of 10 cm, were placed
in a confocal configuration forming a cavity length of L =10 cm. As a conse-
quence, the beam in the optical cavity had a minimum waist of 92 µm with
a Rayleigh length of ∼ 50 mm.
The resonances of an optical cavity are spaced in frequency with the
distance of the free spectral range c/2L where c is the speed of light and 2L
is the round-trip optical path length. The ratio of the free spectral range to
the full width at half maximum is defined as the finesse, which is a parameter
that is used to measure the quality of the cavity. The finesse can also be
calculated as [102]:
F =
pi
√
ρ
1− ρ, (3.1)
where ρ is the cumulative round-trip loss product and is defined as:
ρ =
√
R1R2e−α, (3.2)
and α is the propagation loss coefficient. For a lossless optical cavity where
e−α = 1, the finesse solely depends on the product of R1R2. For the case of
our mirrors, the finesse was calculated as F = 113.4± 4.4. This calculation
was confirmed by a measured finesse of F = 114 ± 0.1, which is shown in
Fig. 3.3. However, incorporating the diamond in the center of the optical
cavity at its Brewster angle θB = 67
◦ introduced more losses inside the
cavity and reduced the finesse. For a loaded cavity, the finesse was measured
as F = 45.1± 0.1. This corresponded to ∼ 8% losses, e−α = 0.92, occurring
by passing the laser beam through diamond.
The intensities of transmitted, reflected, or intracavity electromagnetic
fields can be calculated classically using the equations of the multiple inter-
ferences of waves. The ratio of the transmitted power Pt, reflected power Pr,
and intracavity power Pcav, to the input power Pin is [102]:
Pt
Pin
=
T1T2e
−α
|1− ρ|2 , (3.3)
Pr
Pin
=
(R1 − (R1 + T1)ρ)2
R1|1− ρ|2 , (3.4)
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Pcav
Pin
=
T1
|1− ρ|2 , (3.5)
where T1 and T2 are the transmissions of the first and second mirrors, re-
spectively. If the mirror loss is negligible, then Ri + Ti = 1.
Figure 3.3: (a) Transmission spectrum of the optical cavity as a function
of the frequency of the incident beam without (green) and with (red) the
diamond. The finesse of the cavity including diamond reduces to 45 com-
pared with the empty cavity with a finesse of 114. (b) Enlargement of a
resonance peak from (a). Adding the diamond increases the linewidth from
approximately 6.5 MHz to 17 MHz. Figure taken from Ref. [85].
The responses of the cavity can be divided into three cases [103]. If
R1 > R2e
−α, the cavity is undercoupled. The reflected beam is dominant by
the incoming field that is promptly reflected by the first mirror and never
enters the cavity. If R1 = R2e
−α, the cavity is impedance-matched. In this
case, the amplitudes of the promptly reflected field and the leakage field
from the cavity are equal, but the fields are 180◦ out of phase. Therefore,
the beams interfere destructively and cancel out each other completely. In
an impedance-matched cavity, the incoming beam is transmitted through
the cavity, and there is no reflected light. This phenomenon is equivalent
to the impedance-matching in electrical resonators. The last case is when
R1 < R2e
−α. This case represents an overcoupled cavity, which means the
reflected beam is dominated by the leakage light from the cavity.
In the case of our cavity, the diamond introduces ∼ 8% round-trip losses,
and thus R1 > R2e
−α. The cavity was slightly undercoupled. Building up
the highest intracavity power requires an impedance-matched cavity. If we
assume that R2 is fixed, using our diamond, the impedance-matched point
can be reached by altering the reflectivity of the first mirror. We investigate
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this alteration by plotting the ratio of Pcav/Pin as a function of R1 using
Eq. 3.5, which is illustrated in Fig. 3.4. The impedance-matching is achieved
if approximately R1 = 91.8% corresponding to max(Pcav/Pin) = 12.22. For
the case of our undercoupled cavity, Pcav/Pin = 11.57. Although this is not
the optimal value, it is very close to the maximum.
Figure 3.4: Ratio of the intracavity power to the input power as a function
of the reflectivity of the incoupling mirror. The reflectivity of the second
mirror remains unchanged at 99.8%. The diamond sample introduces 8%
losses, e−α = 0.92. The highest Pcav/Pin is 12.22, while Pcav/Pin = 11.57 for
the case of our cavity.
3.2.4 Stabilization techniques
We applied the Pound-Drever-Hall (PDH) technique for locking the optical
cavity [104, 105]. Here, we briefly introduce the PDH model. To begin, we
modulate the phase of the incident light with an electro-optic modulator. We
describe the electric field of the cavity input light as Ein = E0e
iωct, where
E0 is the amplitude, ωc denotes the angular frequency of the carrier, and t is
time. If we modulate the phase with a sine-wave, the phase-modulated field
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is represented by:
Ein = E0e
iωct+iβsin(ωmt), (3.6)
where β is the modulation index, and ωm is the modulation angular frequency.
Using the Jacobi-Anger expansion [106], Eq. 3.6 can be expressed as:
Ein = E0e
iωct
∞∑
n=−∞
Jn(β)e
inωmt, (3.7)
where Jn is the n-th Bessel function of the first kind. Applying the relation
J−n(β) = (−1)nJn(β), Eq. 3.7 becomes:
Ein = E0[J0(β)e
iωct +
∞∑
n=1
Jn(β)e
i(ωc+nωm)t +
∞∑
n=1
(−1)nJn(β)ei(ωc−nωm)t],
(3.8)
where all infinite number sidebands are included. Assuming that most of
the power of the phase-modulated incident beam is in the carrier and the
first-order sidebands, the incident field becomes:
Ein = E0[J0(β)e
iωct + J1(β)e
i(ωc+ωm)t − J1(β)ei(ωc−ωm)t]. (3.9)
Equation 3.9 shows that three different beams enter the cavity, a carrier
with angular frequency ωc and two sidebands with angular frequencies ωc ±
ωm. Next, we calculate the transmitted power of the cavity, because at the
end, we measure the power with a photodetector. The transmitted power is
calculated as follows:
Pt = Pc|T (ωc)|2 + Ps[|T (ωc + ωm)|2 + |T (ωc − ωm)|2]
+2
√
PcPs
{
Re[T (ωc)T
∗(ωc + ωm)− T ∗(ωc)T (ωc − ωm)]cos(ωmt)
+Im[T (ωc)T
∗(ωc + ωm)− T ∗(ωc)T (ωc − ωm)]sin(ωmt)
}
+ (terms with 2ωm),
(3.10)
where T (ω) = Et/Ein is the transmission coefficient of the optical cavity,
Pc = J
2
0 (β)|E0|2 is the power in the carrier, and Ps = J21 (β)|E0|2 is the power
in the first-order sidebands. There are two oscillating terms in Eq. 3.10. One
can be eliminated by selecting the modulation frequency. The remaining
oscillating term is isolated by mixing the output of the photodetector with
the modulation signal of ωmt and then low-pass filtering the combined signal.
Last, we measure T (ωc)T
∗(ωc + ωm) − T ∗(ωc)T (ωc − ωm) and extract an
error signal, which is antisymmetric around the cavity resonance. The servo
controller uses this error signal as feedback for active stabilization. The
feedback is sent to a piezo actuator attached to the incoupling mirror, which
keeps the cavity on resonance by changing the length of the cavity.
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3.3 Phase-sensitive detection
We used a lock-in amplifier (LIA) to extract the ODMR signal from the noisy
environment. The LIA performs phase-sensitive detection (PSD), where the
signal is modulated at a modulation frequency in the kHz range. A reference
signal with identical frequency to the modulation is generated and forwarded
to the LIA. The LIA amplifies only the signal at the reference frequency and a
narrow band-pass filter excludes all other noise components [107]. We assume
that the signal takes the form of Vssin(ωst+ θs), where Vs is the amplitude
of the signal, and θs is the phase. Similarly, the LIA reference takes the form
of Vrsin(ωrt+ θr). The output of the phase-detection is the product of two
signals:
Voutput = VsVrsin(ωst+ θs)sin(ωrt+ θr), (3.11)
Voutput = 0.5VsVr
{
cos([ωs − ωr]t+ θs − θr)− cos([ωs + ωr]t+ θs + θr)
}
.
(3.12)
If the signal frequency is the same as the reference frequency, ωs = ωr,
and the output signal is followed by a low-pass filter, the output becomes a
DC signal [108]:
Voutput = 0.5VsVrcosθ. (3.13)
The phase difference between the signal and the reference, θ = θs − θr,
can be removed by tuning the phase of the reference frequency. Therefore,
the output is directly proportional to the signal amplitude:
Voutput = 0.5VsVr, (3.14)
and the noise frequency components other than the reference frequency are
eliminated.
For our measurements, we used SR510 and SR850 LIAs from Stanford
Research Systems. The modulated frequency was generated with a SG394
RF signal generator, also from Stanford Research Systems. To emphasize
the importance of the PSD, we measured ODMR signals both without and
with the LIA. The results are shown in Fig. 3.5 (a) and Fig. 3.5 (b), respec-
tively. In Fig. 3.5 (a), we show measurements with no frequency modulation
of the MW signal, detected with an avalanche photodiode using a 1 ms time
measurement and averaged over 100 repetitions. In Fig. 3.5 (b), we used
the PSD technique with the signal detected by a biased silicon photodiode
averaged over 10 measurements. The time constant, modulation frequency,
26
3.3. PHASE-SENSITIVE DETECTION
and modulation depth in this case were 1 s, 30 kHz, and 0.5 MHz, respec-
tively. For both (a) and (b), the laser input power was 250 mW, and the
MW power was 24 dBm. The ODMR signal in (a) is much noisier than that
in (b), which makes it impractical for magnetometry.
Figure 3.5: (a) Direct measurement of the ODMR signal using an avalanche
photodiode. (b) Measured phase-modulated ODMR signal with a PSD tech-
nique using a silicon photodiode. (c) Noise density of the locked cavity before
demodulation with LIA, highlighting the significant noise at frequencies lower
than 3 kHz. (d) Zoomed in view of (c) around the modulation frequency of
30 kHz. Two sidebands at 30± 0.05 kHz originate from the beating of the
modulation frequency with a 50 Hz magnetic noise from the environment.
Figure 3.5 (c) depicts the amplitude spectral density (ASD) of a time
trace before demodulation with LIA. The time trace was measured on the
maximum slope of the ODMR while the MW was frequency-modulated at
30 kHz. This time trace shows notable noise at frequencies lower than 3 kHz.
However, the PSD sets the measurement frequency to a higher frequency
(modulation frequency) and thus enables us to measure much weaker signals
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that otherwise would have been lost in the noise at the lower frequencies.
Figure 3.5 (d) is a zoomed in view of (c) around the modulation frequency.
The signal at 30 kHz is above the noise floor showing a good signal-to-noise
ratio. Two sidebands at 30± 0.05 kHz are also visible. The beating between
the modulation frequency with the magnetic noise produces sidebands. These
sidebands are signatures of a 50 Hz magnetic noise in the environment.
There are a few parameters that we can set for a PSD measurement. The
gain settings, time constant, slope of the low-pass filter, and dynamic reserve
are some of main parameters whose values and noise floors depend on the
LIA device and can be different from one another. We characterized these
parameters for our LIAs SR510 and SR850. Examples of such measurements
are shown in Fig. 3.6 for SR850. All the noise densities were measured with
a 50 Ω terminator attached to the input of the LIA. For each measurement in
Fig. 3.6, we fixed other parameters such as a gain of 500 µV, a time constant
of 1 ms, a 12 dB slope for the low-pass filter, and the lowest dynamic reserve.
Figure 3.6: Characterizing the SR850 LIA. ASD for different LIA (a) gain
settings, (b) time constants, (c) slopes of the low-pass filter, and (d) dynamic
reserves.
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Based on Fig. 3.6, we set the time constant at 1 ms, the slope of the
low-pass filter at 12 dB, and the dynamic reserve at the minimum for all
further measurements to achieve the lowest noise floor. The combination
of the chosen time constant and the slope of the low-pass filter resulted in
a 125 Hz bandwidth for our magnetometer using SR850. Furthermore, we
attempted to enhance our ODMR signal to be able to use lower gain settings
in our measurements and thus improve the sensitivity.
For a PSD technique, there are two other key parameters that are depen-
dent on the physical system, the modulation frequency and the modulation
depth. We discuss optimizing the modulation depth in Chapter 4 in detail
[109]. Here, we investigate the modulation frequency by recording the ODMR
signals and time traces for various modulation frequencies. The results are
illustrated in Fig. 3.7 and show high noise densities for modulation frequen-
cies lower than 20 kHz. Generally, higher modulation frequencies result in
lower ASDs. In our experiments, the maximum modulation frequency was
50 kHz and was limited by the signal generator. However, high modulation
frequencies require high detection bandwidth. As a result, we performed our
experiments at a modulation frequency of 30 kHz, which we later increased
to 35 kHz.
Figure 3.7: (a) ODMR measurements and (b) noise densities for different
modulation frequencies. The noise density is higher for modulation frequen-
cies below 20 kHz
Next, we isolated the signal around the modulation frequency before feed-
ing it to the LIA. We constructed a Sallen Key second-order band-pass filter.
The filter was centered at the same frequency as the modulation frequency of
35 kHz. The gain, phase response, and group delay of the filter are shown in
Fig. 3.8 (a) as a function of frequency. The filter has a measured bandwidth
of 15 kHz. Figure 3.8 (b) illustrates that using the band-pass filter enhances
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the maximum slope the ODMR signal, which improves the sensitivity of the
magnetometer.
Figure 3.8: (a) Gain, phase response, and group delay of the band-pass filter
centered at 35 kHz. (b) ODMR measurements with and without the band-
pass filter, highlighting the enhancement of the LIA signal with band-pass
filtering.
3.4 Electron spin resonance measurement
In this section, we combine the discussed methods for spin-state control and
readout and the PSD technique to describe the general experimental setup.
A schematic of the main part of the setup is shown in Fig. 3.9. We briefly
review its components:
A CVD diamond with a low concentration of NV centers is placed at its
Brewster angle θ ∼ 67◦ in the center of the confocal optical cavity. The
mirrors have reflectivies of R1 and R2. The incoupling mirror is attached
to a piezo actuator to adjust the cavity length. The cavity is pumped with
a p-polarized green laser. The phase of the pump field is modulated with
an electro-optic modulator, which is not shown in the figure. The light
transmitted through the cavity is detected and sent to the cavity lock. The
cavity lock mixes this signal with the reference signal that modulates the
phase of the pump light, low-pass filters the signal, and sends the signal to
the piezo actuator as feedback for cavity stabilization.
The frequency-modulated carrier frequency fc is mixed with fm, corre-
sponding to the coupling constant A‖ = 2.16 MHz of the hyperfine interac-
tion between the electron spin of the NV centers and the 14N intrinsic nuclear
spin. The mixed signal is sent to the MW split-ring resonator. The fluores-
cence is collected from the large face of the diamond using either an objective
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or a condenser lens and is filtered using a 600 nm cut-on long-pass filter (not
shown in the figure). Some laser light is tapped off with a beam splitter
before entering. The photocurrent of this signal is subtracted from the flu-
orescence signal to remove the technical noise of the laser. The subtracted
signal is filtered with a band-pass filter centered at the modulation frequency
and is fed to the LIA. The LIA demodulates the signal and its output, SLI ,
is the three-frequency-modulated ODMR signal. Next, we discuss the idea of
three-frequency excitation instead of single-frequency excitation and present
certain results.
Figure 3.9: Schematic of the experimental setup for performing ODMR mea-
surements. A phase-modulated 532 nm laser pumps the confocal optical cav-
ity, which consists of two mirrors with reflectivities R1 and R2. The diamond
containing NV centers is placed in the center of the cavity at its Brewster
angle θ ∼ 67◦. The transmission of light through the cavity is used to send
feedback to the piezo and lock the cavity with the PDH technique. The sig-
nal driving the MW antenna is generated by mixing the frequency-modulated
carrier signal fc with fm = A‖, corresponding to the axial hyperfine constant
of the NV centers. To remove the laser technical noise, the fluorescence
emitted from the NV centers is detected and subtracted from the laser signal
before entering the cavity. The subtracted signal is sent to the LIA and is
demodulated using the reference signal that modulates the MW field.
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3.4.1 Three-frequency excitation
Using the setup discussed in Fig. 3.9, various ODMR measurements were
performed. Some examples of ODMR spectra are depicted in Fig. 3.10 to
highlight the effects of modulation and excitation types. A permanent mag-
net was aligned along the [111] axis, which resulted in two stronger inner
peaks generated from three orientations of the NV centers in the diamond
and two outer peaks generated from a single orientation of the NV centers.
Figure 3.10: Plots of measured (a) amplitude-modulated single-frequency ex-
citation, (b) frequency-modulated single-frequency excitation, and (c) three-
frequency-modulated ODMR spectra. The blue trace in (a) displays the S11
parameter of the MW resonator (not sharing the y-axis with the red trace).
The blue dot in (c) indicates the point that is most sensitive to changes in
the magnetic field. Figure taken from Ref. [85].
The amplitude-modulated ODMR spectrum measured is presented in
Fig. 3.10 (a), which is analogous to the unmodulated ODMR spectrum. The
contrast of the two outer peaks (and the two inner peaks) is identical if they
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experience the same MW field strength. We used a split-ring resonator that
delivered a uniform MW field in a large area at the expense of being narrow-
band. Therefore, the two outer peaks (and the two inner peaks) experienced
different MW field strengths resulting in different contrasts. The blue trace
in Fig. 3.10 (a) plots the frequency dependence of S11.
A frequency-modulated ODMR spectrum is presented in Fig. 3.10 (b)
that imitates the derivative of the amplitude-modulated ODMR spectrum.
The sensitivity of the magnetometer is proportional to the slope of the elec-
tron spin resonance as [max(| d
dω
S|)]−1, where d
dω
S is the derivative of the
ODMR signal with respect to the MW frequency. The frequency-modulated
spectrum has a higher max(| d
dω
S|) than the amplitude-modulated signal.
Furthermore, simultaneously exciting all three hyperfine peaks by sweep-
ing the MW drive with three frequencies of equal amplitude separated by
A‖ = 2.16 MHz leads to a five-peak feature in the electron spin resonance
possessing larger max(| d
dω
S|). The three-frequency-modulated ODMR spec-
trum is shown in Fig. 3.10 (c). The blue dot indicates the point of max(| d
dω
S|)
for a single orientation of NV centers, which is thus the most sensitive point
to changes in magnetic field. This point was used for the magnetometry
measurements.
In addition, we measured a series of ODMR spectra as a function of
MW power to determine the optimum MW power for obtaining highest
max(| d
dω
S|). Figure 3.11 depicts similar measurements for single-frequency
excitation and three-frequency excitation.
Figure 3.11: Measured frequency-modulated ODMR spectra as a function
of MW power for (a) single-frequency excitation and (b) three-frequency
excitation.
As shown in Fig. 3.9, for the case of three-frequency excitation, a mixer
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was used to mix fc with fm. The mixer had losses, and as a consequence,
the input MW power in Fig. 3.11 (b) is larger than the input MW power in
(b).
3.4.2 Static and AC magnetic field inclusions
As supplementary measurements, we created an external magnetic field and
measured it with our magnetometer. The static magnetic field was generated
by applying a DC current to a coil. The coil was placed in the vicinity of the
diamond. The magnetic field produced was detected with the magnetometer.
The results were used to calibrate the magnetic field as shown in Fig. 3.12.
Figure 3.12: Calibrating the generated magnetic fields. (a) ODMR measure-
ments for different currents in the coil that is placed in the vicinity of the
diamond. (b) Measured magnetic shift as a function of current in the coil.
The blue line connects the measured points.
Later, we applied an AC current through the coil and measured the re-
sponse of the magnetometer. The calibration data was used to compare the
estimated magnetic field with the measured magnetic field.
3.4.3 Analyzing data
The ASD was estimated using Welch’s method [110] with 25 Blackman-Harris
windows with 50% of the window length as the number of overlapped samples.
The ASD was converted to sensitivity through:
η =
ASD
max(| d
dω
S|)γe
. (3.15)
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To plot the magnetic noise density, we measured three time traces for
an optical cavity laser input of 400 mW: first, when the MW drive was
adjusted to max(| d
dω
S|) of the frequency-modulated ODMR signal (magneti-
cally sensitive), second, when the MW drive was far from any spin resonance
(magnetically insensitive), and third, when the detector was blocked (elec-
tronic noise). Figure 3.13 depicts the Fourier transforms of the measured
time traces, which are displayed in units of sensitivity using Eq. 3.15.
Figure 3.13: Measurements of magnetic noise spectral density: The mag-
netically sensitive configuration corresponds to the MW drive being set to
max(| d
dω
S|) of the spin resonance (red trace), the magnetometer is magnet-
ically insensitive when the MW drive is off-resonance (blue trace), and a
blocked detector corresponds to the electronic noise of the system (black
trace).
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The red trace in Fig. 3.13 is magnetically sensitive and contains low fre-
quency magnetic noise. In addition, the red trace shows a pronounced noise
at 50 Hz and its harmonics. The magnetometer sensitivity of ∼ 400 pT/√Hz
was deduced from the magnetically insensitive trace, which is shown by the
blue trace. The black trace represents the electronic noise of the LIA and
the photodetector. The results were obtained using a photodiode with a
large sensitive area of 10 mm x 10 mm (Hamamatsu Photonics S3994-01)
that collected ∼ 110 µW fluorescence from the NV centers. Furthermore,
the technical noise was suppressed by canceling out the correlated laser noise
in the measured fluorescence. We obtain a bandwidth of 125 Hz followed by
a 12 dB/octave roll-off that is generated by the low-pass filter of the LIA.
Next, we generated a 40 Hz sine-wave magnetic field and recorded the
response of the magnetometer. The results are shown in Fig. 3.14.
Figure 3.14: Plots of the magnetometer response to a 40 Hz applied sine-wave
magnetic field. (a) Measurement of the magnetic noise density. The applied
40 Hz magnetic field and the 50 Hz magnetic noise from the environment are
visible. (b) The response of the magnetometer to the applied magnetic field,
highlighting the beating of 40 Hz and 50 Hz magnetic fields. (c) The same
response as (b), band-pass filtered from 35 kHz to 45 kHz.
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The Fourier transform of the time trace is presented in Fig 3.14 (a) in
units of sensitivity. The pronounced 40 Hz and 50 Hz peaks are signatures
of the applied magnetic field and the magnetic noise in the environment, re-
spectively. The beating of these signals is visible in the measured time trace,
as shown in Fig 3.14 (b). Digitally band-pass filtering the time trace from
35 kHz to 45 kHz removed both the low frequency and the 50 Hz magnetic
noise, and the response to the 40 Hz applied magnetic field remained, as
shown in Fig 3.14 (c).
3.4.4 Pulsed measurements
In addition to the sensitivity measurements, we performed pulsed measure-
ments while keeping the optical cavity locked. Figure 3.15(a) shows an exam-
ple of Rabi oscillations as a function of MW frequency for a single orientation
of NV centers in the diamond. Three hyperfine states can be distinguished
at longer MW pulse lengths. We measured the Rabi frequencies for several
different MW powers. The result is presented in Fig. 3.15(b). The curve
was fitted to estimate the Rabi frequencies for lower MW powers. Changing
the MW antenna or the diamond thickness required the measurements to be
repeated.
Figure 3.15: (a) Measured Rabi oscillations as a function of MW frequency.
(b) Fitted curve of Rabi frequency as a function of MW power. The yellow
dots are the experimental measurements.
Another pulsed measurement, the Ramsey sequence, was performed with
the locked optical cavity. The free induction decay as a function of MW
frequency, as shown in Fig. 3.16 for two different MW powers. Hyperfine
states are visible, especially for lower MW power. We attempted to mea-
sure the relaxation time and perform a Hahn-echo sequence to measure the
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decoherence time while the optical cavity was locked. However, there were
difficulties in keeping the cavity locked and finalizing the sequence due to
long pulses with the laser off.
Figure 3.16: Measured free induction decay as a function of MW frequency
when applying MW powers of (a) -6 dBm and (b) -1 dBm.
In the following chapters, we present our results using the experimental
framework that was discussed in this chapter.
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Chapter 4
Optimized Frequency
Modulation
4.1 Introduction
PSD is a powerful tool in experimental physics that enables the extraction of
signals buried in noise. This type of detection requires the measurements to
be modulated with a certain function, frequency, and depth. In this chapter,
we explore the ideal modulation conditions for sensing applications. We
study the experimental results regarding the NV centers in diamond.
4.2 Publication
This section was published in Optics Express with the title of ”Optimised fre-
quency modulation for continuous-wave optical magnetic resonance sensing
using nitrogen-vacancy ensembles” as follows:
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with phase-sensitive (lock-in) detection creates a highly versatile sensor with a sensitivity that
is proportional to the derivative of the optical magnetic resonance lock-in spectrum, which is
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of the intrinsic nitrogen hyperfine spin transitions, we experimentally show that when the ratio
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hyperfine lines, compared to sine-wave based modulation. We formulate a model for calculating
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depth is less then the resonance linewidth, irrespective of the modulation function used.
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1. Introduction
One of the primary tools for precision measurements in modern experimental physics is phase-
sensitive detection. As its principle is straightforward - retrieving a modulated signal component
obscured in noise by mixing the total signal with a similarly modulated reference - this detection
method results in a versatility that is applicable and implementable in a range of scenarios, from
atomic magnetometers [1], to single-ion lock-in detection [2], scanning probe microscopy [3],
and optical interferometry and spectroscopy [4]. Phase-sensitive detection is often carried out
in conjunction with frequency filtration and AC-amplification, which is collectively termed as
lock-in detection [5]. For sensing devices, this procedure is usually applied to overcome the
problem of increased susceptibility to low-frequency or discrete frequency noise components
when attempting to enhance the sensitivity. The main challenge usually lies in identifying
suitable system parameters for modulation which lends itself to both maximising the systems
response and discriminating it from noise lying outside a given bandwidth. This is pertinent in,
for example, low-frequency magnetometry (DC to . 1 kHz) where 1/f noise and slow drifts
stemming from the environment start to dominate [6, 7].
High sensitivity magnetometry has been mainly spurred on by advances in superconductivity
and atomic magneto-optics [8], where <fT/
√
Hz sensitivities have been achieved for a ∼ 0.3
cm3 sampling volume in both pulsed and continuous-wave operating regimes [9, 10]. However,
there has been a recent surge of interest in exploring diamond-based magnetometery using
ensembles of nitrogen-vacancy (NV) defects, due to the relatively simple technical operation
under ambient conditions, their small potential sampling volume (approaching µm3 volumes),
and their chemical inertness which allows for direct physical contact with delicate biological
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systems [11, 12]. NV magnetic sensing schemes are usually based on either continuous-wave
optically detected magnetic resonance (cw-ODMR) or pulsed ODMR, both which are used to
determine small magnetic field changes δB around a fixed B field offset. Cw-ODMR schemes
possess field sensitivities limited by the ratio of the spin resonance linewidth to fluorescence
contrast and shot-noise level. On the other hand, pulsed techniques such as Ramsey/pi-pulsed
schemes result in sensitivities limited by 1/T2∗, while spin-echo-based pulsed schemes possess
enhanced field-sensitivities at the expense of limiting their optimised sensitivity to magnetic
fields oscillating at frequencies in the order of 1/T2 [13].
When sensing low frequency fields (< 1 kHz) or spatial field variations over macroscopic areas,
the use of cw-ODMR schemes is more technically convenient, which avoids the difficulty facing
pulsed schemes in ensuring sufficient uniform intensity and spin control over a macroscopic
volume, and involves simply monitoring the spin resonance frequency through shifts in the
detected fluorescence level. The efficiency of this scheme is based on how large a change
in fluorescence can be generated and how small a change can be detected, for incremental
resonance shifts induced by an external magnetic field. The challenge is thus generating the
narrowest spectral linewidth during cw-driving while ensuring that the fluorescence contrast is
as high as possible. This is primarily limited by the number of spins used and the amount of
light that is generated and collected, as well as the inherent collective-spin dephasing rates, the
optical and microwave (MW) power-related dephasing, the environmental noise fluctuations,
and the technical noise in both the detection apparatus and that introduced by power fluctuations
occurring at various frequencies in the drive and measurement fields [14]. The use of lock-in
detection is therefore well suited to overcome many of these issues in order to ensure the
intrinsic-sensitivity of the NV system is maintained.
Previous NV-related work which addresses the use of lock-in detection has focused on single
NV based sensing through multi-pulsed phase estimation schemes [15], or their incorporation
within a scanning-probe based schemes [16]. Alternatively, it has also been presented as an
integral component for NV ensemble magnetometery using optical fibre-based read-out [17],
using the diamond as a light trapping-waveguide [7], through the absorption of the spin-singlet
state [18], when avoiding the use of a MW drive field [19], or for sensing biologically generated
magnetic fields [20]. However, to our knowledge, there has been no published investigation
of the technicalities on optimising the modulation parameters to maximise the slopes in the
measured lock-in spectrum. While this technique is conceptually undemanding, the optimum
modulation function for NV ensemble magnetometry is not obvious as it is dependent on the
systems spin resonance spectrum and its unique response to optical and microwave drive fields.
This is especially true as NV systems possesses two/three (depending on the nitrogen isotope)
peaks centred around the electron spin resonance frequency, due to the intrinsic hyperfine
coupling between the nitrogen nuclear spin and the electron spin, which all respond identically
to an external field.
The work presented in this article therefore investigates NV ensemble-specific ODMR spectra
with particular emphasis on delineating an optimum modulation function of the microwave
field drive for cw-ODMR sensing. This is carried out by first describing the characteristic
NV cw-ODMR spectrum, followed by a description of frequency modulated lock-in detection.
Finally, experimental and theoretical results are compared and discussed, which show that the
optimum modulation function and depth are dependent on the linewidth-to-separation ratio of
the measured peaks.
2. Optically detected magnetic resonance
2.1. Continuous-wave spectrum
All cw-ODMR measurements presented in this article are carried out using an ensemble of
native 14NV− in an untreated single-crystal diamond (Element 6) grown using chemical vapour
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Fig. 1. (a) A general level schematic of the NV system, used to set up the optical Bloch
equations. The electronic structure is comprised of a triplet state (3A2 ↔ 3E) and a singlet
shelving state (1E↔ 1A1). The 3A2 state levels can be coherently driven with the application
of a MW drive with a Rabi frequency Ω, while above band excitation is carried out with a
rate Γp , with the optical excitation processes being almost perfectly spin conserving. The
spin levels are split with the introduction of a magnetic field, and couple with the nuclear
spin of the N atom, generating an additional two or three hyperfine levels depending on the
N isotope. These hyperfine levels are evident in cw-ODMR as shown in the measured spectra
(b,i,ii) from an NV ensemble, where a weak magnetic field (∼ 5 mT) has been applied to
spectrally separate the distinct crystallographic sub-groups. The dotted blue lines are fits
using equation (4) with the parameters Γp/2pi ' 20 kHz, Ω/2pi ' 30 kHz, and γ∗2/2pi ' 700
kHz for 14N, and Γp/2pi ' 50 kHz, Ω/2pi ' 100 kHz, and γ∗2/2pi ' 1 MHz for 15N.
deposition (with the exception of the spectrum shown in Fig. 1(b,ii), which was measured from a
custom-grown diamond with an isotopically purified nitrogen source to produce an ensemble of
15NV−). The NV centre is a coupled pair of defects within a diamond carbon lattice, consisting
of a substitutional nitrogen atom and a point vacancy. The defect pair exists in both a negatively
charged and neutral configuration, as well as in two different isotopic forms of 14N and 15N.
While both the neutral and charged state fluoresce, it is the negatively charged state which
possesses a spin triplet configuration because of its extra electron, resulting in a magnetic-dipole
transition with magnetically tunable spin levels [21]. The energy levels of the most relevant
transitions are shown in Fig. 1(a). Coupled with a near-perfect spin-conserving optical dipole of
the NV centre, an optical-contrast spectrum (Scw (ωc ), Fig. 1(b)) of the spin resonances can be
generated by simultaneously shining light and sweeping the frequency of an applied microwave
(MW) field across the spin Larmor frequency. This presents itself as magnetically sensitive
probe, which changes its resonance frequency, and therefore its fluorescence rate, as a function
of γeBz , where γe ∼ 28 MHz/mT is the electron gyromagnetic ratio, and Bz is a magnetic field
vector component projected along the crystallographic axis of the NV defect.
The use of a single or ensemble of spins has direct implications on the apparatus used, and the
overall sensitivity. For single NV spins, the amount of light generated is within the ∼ 0.05 pW
range, which falls within the working limits of single photon counting avalanche photodiodes
(APD). These usually give excellent signal-to-noise ratios due to their low intrinsic noise levels,
and do not require additional lock-in detection provided that the noise in the driving fields or
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environment do not exceed the shot-noise level. Single spins have a sensitivity ultimately limited
to ∼ nT/√Hz, when using pulsed sensing protocols (for continuous wave protocols it is in the
order of ∼ 100 nT/√Hz), and provide nano-scale sensor resolution. If such spatial resolution is
not required using an ensemble of spins boosts the sensitivity by 1/
√
N , where N is the number
of spins used [13]. However, dense ensembles (> 1 ppm NV) prepared through conventional
irradiation and annealing techniques usually display a degraded collective ODMR linewidth
due to inhomogeneous broadening and the increased susceptibility to static and driving field
inhomogeneities [22]. Furthermore, the generated light from an ensemble is usually beyond the
working limits of conventional APDs, and the use of pin-type photodiodes is necessary which
are inherently noisier then APDs. For dense ensembles, fluorescence rates in the mW range can
be obtained which usually allows for a shot-noise limited noise floor to be reached, however
the degraded linewidth and the introduction of inhomogeneity-related degradation for higher
density ensembles [22] implies that there may be an optimum balance between NV density and
resulting sensitivity. In the low-density case ( 1 ppm NV), an enhanced fluorescence rate can
be achieved without too much degradation of the collective coherence/linewidth. However, the
inherent cw-ODMR contrast for an ensemble of NVs of a single crystallographic orientation
is usually around 1-3% [11], so the working signal-to-noise ratio needs to exceed this limit.
Lock-in detection is therefore ideal for tackling these latter issues, usually allowing for a shot-
noise limited spectrum to be achieved when optimally driving a low-density ensemble, while
maintaining a linewidth that closely resemble those obtained from single NV defects.
By continuously applying a MW drive on the steepest part of Scw(ωc ), and monitoring the
level of fluorescence, the presence, frequency and relative amplitude of a magnetic field can be
deduced. The absolute sensitivity δB of such a detection process is proportional to [dωScwγe]−1,
where dωScw is the derivative ofScw (ωc ) at a particular drive frequencyωc/2pi [7]. The relevant
electronic levels that bring about the characteristic Scw(ωc ) spectrum are summarised in Fig.
1(a). The system ground state spins are driven by a coherent MW field with a drive frequency
ωc/2pi and a Rabi frequency Ω/2pi, together with an above-band excitation rate Γp/2pi, in this
case considered for a 532 nm wavelength laser. This wavelength ensures that the NV− 
 NV0
charge state fluctuation rate is small in comparison to the NV− fluorescence rate [23]. There is
an intrinsic hyperfine interaction between the nitrogen nuclear spin and the electron spin of the
NV centre which results in two or three hyperfine resonances depending on the nitrogen isotope,
as summarised in Fig. 1. The resulting S(ωc ) spectra are shown in Fig. 1(b), with the spectra of
the sample used throughout the remaining article shown in Fig. 1(b,i).
A schematic of the experimental setup is shown in Fig. 2(a). A signal generator (Stanford
Research Systems SG394) is used to deliver a modulated drive frequency ωc/2pi to an antenna
placed close to the diamond sample. The diamond is excited with a 532 nm laser (Verdi SLM
Coherent), and the fluorescence is collected using a condenser lens, filtered using a long-pass
filter with a 600 nm cut-on, and detected using a biased Si detector (Thorlabs DET36A, with a
10 kΩ load, resulting in a bandwidth of 400 kHz). The excitation volume is in the order of 10−2
mm3 with an estimated number of 109 NVs. The measured full-width at half-maximum of an
individual hyperfine transition is γ/2pi ∼ 1 MHz, which was well fitted with a linear combination
of a Lorentzian and a Gaussian profile (a pseudo-Voigt function) which is ∼98% Lorentzian
and ∼2% Gaussian. This indicates that the in-homogeneous broadening is negligible, and the
spectra can be confidently analysed using Lorentzian functions. The detector sends the signal
to a two-channel digital lock-in amplifier (Stanford Research Systems SR850), while the MW
drive frequency ωc/2pi is modulated at ν = 30 kHz, for which this frequency was confirmed to
be in a flat part of the optical power spectrum, and well within the detectors bandwidth. While
the lock-in detector has a bandwidth up to 100 kHz, no further gain was achieved in the signal
to noise ratio when modulating beyond 30 kHz, beyond which also a reduction in the lock-in
signal amplitude is observed due to the limitations of the NV ensemble re-polarisation rate (set
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by the excitation rates used). Simultaneous excitation of all three hyperfine transitions of 14NV−
is carried out by mixing the modulated MW with a frequency equivalent to the axial hyperfine
constant of 14NV− , which is A‖ = 2.16 MHz.
The Scw(ωc ) spectrum of an NV ensemble can be simulated using a set of optical Bloch
equations, by considering a single spin transition (e.g. |ms = 0〉 ↔ |+1〉) in a total of five levels
as shown in Fig. 1(a), with the Hamiltonian:
Hˆ /~ =
5∑
i
ωi |i〉〈i | − Ω cos (ωc t)(|1〉〈2| + |2〉〈1|) . (1)
Only the dominant decay paths considered are highlighted in red in Fig. 1(a), and only the
ground-state level transition (|1〉 ↔ |2〉) is described in terms of a coherent resonant drive. In a
rotating reference frame with ωc and using the rotating-wave approximation, the optical Bloch
equations are:
ρ˙11 = −Γpρ11 + k31ρ33 + k41ρ44 + k51ρ55
− k21
2
(ρ11 − ρ22) − i2Ω(ρ12 − ρ21),
ρ˙22 = −Γpρ22 + k32ρ33 + k42ρ44 + k52ρ55
− k21
2
(ρ22 − ρ11) + i2Ω(ρ12 − ρ21),
ρ˙33 = Γpρ11 − (k35 + k32 + k31)ρ33 , (2)
ρ˙44 = Γpρ22 − (k45 + k42 + k41)ρ44 ,
ρ˙55 = k45ρ44 + k35ρ33 − (k52 + k51)ρ55 ,
ρ˙12 = −(γ′2 − iδ)ρ12 +
i
2
Ω(ρ22 − ρ11),
ρ˙21 = −(γ′2 + iδ)ρ21 −
i
2
Ω(ρ22 − ρ11),
where δ = (ωc − ω0) is the detuning between ωc and the spin transition frequency ω0 and ρii is
the normalised population of a level, while the total dephasing rate is defined as a sum of the
longitudinal spin relaxation rate k21, pure dephasing rate γ∗2 , and the optical pump rate through
γ′2 = k21/2 + γ
∗
2 + Γp/2. A unit-less, detuning-dependant cw-ODMR fluorescence ratio can then
be described in terms of the steady-state populations of the excited states |3〉 and |4〉:
Icw = (k31+k32)ρ
ss
33
k31+k32+k35
+
(k41+k42)ρss44
k41+k42+k45
. (3)
The exact steady-state solution for equation (3) is given in Appendix A, while the rates used
have been extracted from [24]. The cw-ODMR spectrum including the hyperfine lines is a sum
of three individual peaks spaced by the axial hyperfine constant A‖ which is 2.16 MHz for 14N
and 3.03 MHz for 15N [21]:
Scw (ωc ) = R0
∑
m I
Icw (δ + mI2piA‖ ), (4)
where R0 is the off-resonance detection rate, and mI is the nuclear quantum number which spans
either {−1, 0, 1} for 14N or {− 12 , 12 } for 15N. Equation (4) sufficiently reproduces experimentally
observed cw-ODMR spectra, in particular as it accounts for power-related broadening and the
dependence of the linewidth/contrast ratio to the spin excitation and polarisation rates. It is
used as a basis for all simulations presented in this article, where the simulated fluorescence
contrast and linewidth are an outcome of the given excitation rates, rather than postulated values.
Through our measurements, we observe that using this model with rates measured from a single
NV [24] can successfully represent a low density NV ensemble, and routinely obtains excellent
agreement between the generated and measured spectra, as shown in Fig. 1(b,i,ii).
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2.2. Lock-in spectrum
Generally, an ideally modulated signal can be decomposed as a sum of a static and time-varying
component which is a product of a time-independent amplitude and an oscillatory function (i.e.
V (t) = V0 + A cos(2piνt + φ(t))). A modulated cw-ODMR signal recorded with a photo-detector
can therefore be described to first order as the sum of the unmodulated steady-state spectrum
(4) and a product of two complex phasors rotating in opposite directions, with a time-invariant
amplitude also defined by (4):
Scw (ωc , t) = 12Scw (ωc ) + 14Scw (ωc )
[
ei(2piνt+ϕs ) + e−i(2piνt+ϕs )
]
, (5)
where ϕs is the signal phase. Using (5), a lock-in signal SLI can be described as a time integrated
product of a mixed reference signal Sre f and a measured input signal Scw , both modulated at a
frequency ν, with an amplification gain factor A, as highlighted in Fig. 2(a):
SLI (ωc ) = AScw (ωc )2τ
∫ τ/2
−τ/2
(
eiφ + e−i(4piνt+ϕs+ϕr )
)
dt , (6)
where the static component in (5) is removed by the lock-in bandpass filter at its input, and
the remaining signal is then re-normalised and multiplied with a sinusoidal reference signal
Sre f = e−i(2piνt+ϕr ) with a phase difference φ = ϕs −ϕr , and integrated in time using a low-pass
filter with a time constant τ. The integral results in a complex function of the amplified input
signal which can be decomposed into an in-phase (X) and quadrature (Y ) component:
X = 12AScw (ωc ) cos (φ), (7)
Y = 12AScw (ωc ) sin (φ). (8)
These can be measured individually using a two-channel lock-in detector, as schematically
illustrated in Fig. 2(a). By measuring the quadratures simultaneously a phase-independent
magnitude (R =
√
X2 + Y 2) can also be obtained. The decomposition of (5) and the resulting
expression in (7) or (8) takes on different forms depending on the modulation mechanism. In
the case of ODMR, modulation can be applied to either the MW drive, the bias magnetic field,
or the polarising laser drive. Modulation of the MW drive is a technically convenient approach
with respect to versatility and fine control, as it can usually be controlled directly from the
MW source without repercussions for the rest of the experimental setup. Frequency modulation
(FM) is preferable to amplitude modulation (AM) as it results in a dispersion line-shape of the
spin resonance, which possesses its highest sensitivity (point of maximum slope) on resonance
where the signal is zero, while also displaying an approximately linear response for small field
changes. In contrast, AM results in a Lorentzian/Gaussian line-shape which possesses its highest
sensitivity on the line-shapes side where the signal is not zero and therefore more susceptible to
fluctuations and noise in the driving field. An example of measured in-phase (X) lock-in ODMR
spectra from an ensemble of 14NV− using an AM or FM MW field is shown in Fig. 2(b,i,ii)
For FM imposed either through the drive frequency or the external bias magnetic field Bz , the
detuning δ becomes a function of time. Such a modulation can be either continuous or discrete,
and may be represented by modulation functions that are either sine-wave (continuous, ∼) or
square-wave (discrete, #), respectively:
B∼(t) = cos (ωc t + β sin (2piνt)) =
∑+∞
n=−∞ Jn(β) cos (ωc t + n2piνt), (9)
B#(t) = cos
(
ωc t + ∆ω sgn[cos (2piνt)]t
)
, (10)
where Jn is a Bessel function of the first kind of order n, ∆ω is the frequency modulation
depth and β = ∆ω/2piν is the modulation index. Analysis of the Fourier spectrum of these two
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Fig. 2. (a) Schematic of the experimental setup and the two-channel lock-in detector. (b)
Measured spectrum of an ensemble of 14NV showing (i) in-phase X lock-in spectrum
using an amplitude modulated MW field and plotted in terms of the measured fluorescence
contrast, (ii) X lock-in spectrum spectrum using sine-wave single-frequency modulation,
and (iii) three-frequency excitation of all hyperfine lines. (c) The Fourier spectrum for (i)
B#(t) (10) and (ii) B∼(t) (9) as a function of modulation depth ∆ω, for a fixed modulation
frequency ν. The amplitude scale has been reduced to highlight the presence and distribution
of peaks in the case of B∼(t).
functions, shown in Fig. 2(c), provides direct insight into their characteristics. The change in
the frequency spectrum as function of β for a fixed ν is stark: B∼(t) disperses its power over
increasingly larger number of frequency components, while for B#(t) the power remains largely
within the two ∆ω separated frequencies. Although the bandwidth needed to analytically describe
B∼(t) is infinite, ∼99 % of the modulated signal power is present in approximately n ' dβe
frequency components separated by at most nν from the central carrier frequency [25]. With
these FM functions in mind, expression (6) can be reformulated in terms of Scw (ωc (t)) using a
Taylor series expansion about ωc . This results in an approximation of the in-phase/quadrature
components X/Y as the difference between two or n out-of phase spectra separated by ∆ω or ν,
respectively. When φ = 0, the in-phase X output for both modulation functions are:
XFM# (ωc ) ≈
A
2
(Scw (ωc + ∆ω) − Scw (ωc − ∆ω)) , (11)
XFM∼ (ωc ) ≈
A
2
dβ/2e∑
n=0
Jn(β)
(Scw (ωc + n2piν) − Scw (ωc − n2piν)) . (12)
With the presence of the hyperfine transitions and their considerable overlap, an increased
contrast can be achieved by simultaneously exciting all of them. The enhancement of the slope
is verified to be in the order of 2 - 3 times depending on the excitation and dephasing rates, and
is obtained by mixing ωc with a frequency equal to the hyperfine separation. For 14NV, this
generates the in-phase X lock-in spectrum shown in Fig. 2(b,iii). Analytically, this modifies
the expressions (11) and (12) with an additional summation over the number of frequency
components mx (which is equal to mI ):
X A‖ (ωc ) =
∑
mx X
FM (ωc + mx2piA‖ ). (13)
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Fig. 3. Experimental and simulated two-dimensional plots of XFM (ωc ,∆ω) for (a) sine-
wave modulated drive and (b) square-wave modulated drive, shown besides their first-order
derivative. (c) Experimental and theoretical values of max{|dωXFM (ωc )|} as a function
of ∆ω for both modulation functions. The simulation parameters used for these Figs. are
Γp/2pi ' 150 kHz, Ω/2pi ' 300 kHz, and γ∗2/2pi ' 500 kHz.
3. Modulation function dependence
3.1. Single and multiple frequency modulation
Given the finite linewidth γ of the individual hyperfine transitions and the constant spectral
separation between the hyperfine lines A‖ , the optimal modulation depth ∆ω is expected to
occur within the frequency span of all the hyperfine transitions ∼ 2A‖ . Exactly what modulation
depth and function is optimal will then depend on γ, which is dependent on both the intrinsic
properties of the diamond, and extrinsically on the excitation rates Γp and Ω.
To investigate the dependence of the sine- and square-type modulation functions on the
maximum achievable slope, we measure the in-phase X spectrum and its maximum absolute
slope max{|dωXFM |} as a function of modulation depth ∆ω. These are shown in Fig. 3(a) for
single-frequency sine, and in Fig. 3(b) for square-wave modulation, in comparison to simulated
spectra using equations (11) and (12). There is very good agreement between the measured and
theoretical spectra, particularly as the subtle difference between square-wave and sine-wave
modulation is reproducible. Figure 3(c) plots max{|dωXFM |} for either modulation function
for both experimental and theoretical trends. These trends show that, for the given ensemble
and measurement parameters, sine-wave modulation gives an optimum max{|dωXFM |} when
∆ω/2pi is ∼ 0.5γ of a single hyperfine-transition peak (∼ 1 MHz), while square-wave modulation
exceeds this when ∆ω/2pi is larger than the full span of the three hyperfine lines at around
∆ω/2pi ∼2.5 MHz. This difference is due to two factors, which include the ratio between γ
and the frequency separation (ξ = γ/2piA‖ ), as well as the spectral characteristics of the two
modulation functions. Because for a sine-function the MW power is dispersed across a larger
bandwidth as the modulation depth is increased, max{|dωXFM |} is reduced because of the
decreasing amplitude. While this should be compensated for by increasing ν to maintain a
constant β, this is impractical as ν is usually chosen beforehand on the basis of the inherent
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Fig. 4. Experimental and simulated two-dimensional plots of X A‖ (ωc ,∆ω) for (a) sine-
wave modulated drive and (b) square-wave modulated drive, shown besides their first-order
derivative. (c) Experimental and theoretical values of max{|dωX A‖ (ωc )|} as a function
of ∆ω for both modulation functions. The simulation parameters used for these Figs. are
Γp/2pi ' 150 kHz, Ω/2pi ' 100 kHz, and γ∗2/2pi ' 500 kHz.
noise spectral density and the bandwidth limitations of the apparatus and the system itself. In
comparison, square-wave modulation is by definition discrete, and the distribution of power is, to
first order, independent of the modulation parameters. A drawback with square-wave modulation
is that when mixing with a sine-wave reference, multiple odd harmonics are generated. This
degrades the demodulated amplitude by a factor which is dependent on the signal composition,
as some of the power is distributed into these odd harmonics. However the power loss through
this mechanism is negligible compared to the amplitude decrease when increasing ∆ω of a
sine-wave modulated spectrum.
The in-phase X spectrum generated when all hyperfine lines are simultaneously excited is
shown for sine-wave modulation in Fig. 4(a), and for square-wave modulation in Fig. 4(b),
in comparison to the simulated spectra using equation (13). In contrast to single-frequency
excitation, max{|dωX A‖ |} is obtained for a ∆ω that is around half of γ for both modulation
functions and the given ensemble and measurement parameters, as highlighted in Fig. 4(c). The
discrepancy in this case is related to the effect of the enhanced contrast on |dωX | in relation to ξ ,
as discussed in the following section.
3.2. Projected modulation function trends
In order to study how the modulation function influences the lock-in signal slope, the dependence
of the unmodulated signal slope on the optical and MW excitation rate needs to be assessed.
Prior to lock-in detection, the linewidth γ and therefore the slope |dωScw | is dependant on
the excitation ratio Ω:Γp , and the effective dephasing rate γ′2. In particular max{|dωScw |} is
obtained when the depletion rate of the spin levels 3A2 by Γp is large enough to circumvent
the effects of MW power broadening, yet below the pure dephasing rate γ2∗ [26, 27]. This is
simulated in Fig. 5(a) which plots |dωScw | as a function of Ω and Γp , and shows an almost
1:1 correspondence for Ω:Γp is required to achieve an optimum slope for a given γ∗2/2pi ' 500
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Fig. 5. (a) Simulation of the steepest slope of expression (4) as a function of Rabi frequency
Ω and optical excitation rate Γp for γ∗2/2pi ' 500 kHz and k21/2pi = 1 kHz. The parameters
for the maximum slope, designated by a star, are used for the simulations in (b), which
show the normalised maximum slope for single frequency excitation as a function of ξ and
modulation depth ∆ω for sine (XFM∼ ) and square (XFM# ) wave modulation for both NV
isotopes.
kHz. The optimum point of max{|dωScw |} is highlighted by a star, and using these driving rates,
|dωXFM | is studied as a function of ξ and ∆ω for both modulation functions and isotopic forms
of the NV center. These are plotted as a function of ξ and ∆ω for single-frequency excitation in
Fig. 5(b).
Despite the stark difference between the modulation functions excitation spectrum (shown
in Fig. 2(c)), it is the ratio ξ which is observed to be the limiting factor when generating the
maximum obtainable slope max{|dωXFM |}. As ξ approaches 1/4 for both 14NV and 15NV, the
inherent overlap of the hyperfine lines degrades the |dωXFM | values in the region between the
peaks, while increasing the overall amplitude and therefore enhancing |dωXFM | in the sides
of the peak generated by the sum of all the hyperfine lines. As such, for ξ > 1/4, square-wave
modulation outperforms sine-wave modulation, and the optimum ∆ω will be the full span of all
the hyperfine transitions. For ξ < 1/4, the difference between square- and sine-wave modulation
is negligible, and the optimum ∆ω remains within γ for both modulation functions, at values
equivalent to A‖ for square-wave modulation. Given the inherent A‖ values of NVs, these ratios
translate into γ/2pi of ∼ 0.5 MHz for 14NV, and ∼ 0.8 MHz for 15NV. Ultimately, this implies
that square-wave modulation is the optimum choice when γ exceeds these values, to maximise
|dωX(ωc )|, and thereby the achievable sensitivity δB ∝ [dωX(ωc )γe]−1.
From these simulations, it is evident that the optimum ∆ω is dependent on the relative variation
of |dωXFM | within the spectrum: the more ’smeared’ a spectrum is, the larger ∆ω is needed
to optimise |dωXFM |. As such, exciting all three transitions increases the contrast without
significantly affecting the relative |dωXFM | throughout the spectrum, thereby offsetting ξ to
larger values. For simultaneous hyperfine level excitation, a larger ξ ratio is therefore required
for square-wave modulation to be advantageous. The simulations highlight a threshold that is
increased by a factor proportional to the number of excited hyperfine lines mI . This behaviour is
highlighted in Fig. 6 where max{|dωX A‖# |} occurs at a modulation depth that is larger than the
inherent linewidth only when ξ > 3/4. Ultimately, it should be emphasised that with an increase
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in ξ , max{|dωX |} is inherently degraded. The optimum scenario will therefore always occur
with three-frequency excitation and ensembles possessing as low a ξ ratio as possible, for which
there is no advantage in using either modulation function.
4. Conclusion
In this work we identify the optimum lock-in modulation parameters for obtaining the steepest
spectral slope in the ODMR spectra measured from a low-density ensemble of 14NV, for the
purpose of cw-sensing of magnetic fields. Experimental measurements of the in-phase lock-in
spectra from a 14NV ensemble as a function of modulation depth and modulation function
highlighted the advantage of square-wave modulation for the given sample. This also provided
an assessment check for the spectral simulations based on a five-level set of optical Bloch
equations and its reformulation in terms of a modulated drive frequency. Through accounting for
the spectral difference of the modulation functions, this model was able to accurately reproduce
the experimentally observed subtleties in the lock-in spectra. Their correspondence provides
confidence to the simulated projections, which highlight the key relationship between ∆ω and
ξ . In particular, this showed that for single-frequency excitation when ξ & 1/4, square-wave
modulation is optimal with a ∆ω which spans the sum of all the hyperfine linewidths. Below this
threshold, there is no significant advantage in using either modulation functions. For NVs, this
translated into linewidth limits of ∼ 0.5 MHz for 14NV, and ∼ 0.8 MHz for 15NV. Ultimately, the
model indicates that an optimum slope will always be achieved with as low a ξ ratio as possible,
with multi-frequency excitation and a modulation depth that is within the hyperfine linewidth,
irrespective of the modulation function.
It is anticipated this analysis will benefit the development and optimisation of NV-based
sensing schemes and devices, while the simplicity of the presented model should allow for its
easy re-modification for alternative systems with different spectral properties. This is envisaged
especially as many off-the-shelf NV ensembles display poor ξ ratios, and the production of
optimised isotopically-pure diamonds is resource and time intensive. Aside from this, the
relationship delineated here may be relevant to any spectral measurement or cw-sensing scheme
which uses closely-spaced spectral features that respond identically to external perturbations.
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A. Analytical solution to steady-state fluorescence ratio derived from the 5-
level Bloch equations
The steady-state solutions for equation (3) detailed in section two of the manuscript (using
notation with respect to Fig. 1(a)) is given as:
Icw = Γp (k31+k32)
K 23
[
1 + Ξ + Γp
K3
+
ΓpΞ
K4
+
k35Γp
K3K5
+
k45ΓpΞ
K5K4
]−1
+
Γp (k41+k42)
K 24
[
1 + 1
Ξ
+
Γp
K4
+
Γp
K3Ξ
+
k45Γp
K4K5
+
k35Γp
K5K3Ξ
]−1
, (14)
where
Ξ =
[(
k21
2
)
+
(
Γp (k32K5+k52k35)
K3K5
)
+
(
Ω2γ′2
2(γ′22 +∆2)
)]
[
Γp+
(
k21
2
)
−
(
Γp (k42K5+k52k45)
K4K5
)
+
(
Ω2γ′2
2(γ′22 +∆2)
)] , (15)
K3 = k31 + k32 + k35 , K4 = k41 + k42 + k45 , K5 = k51 + k52 , (16)
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Chapter 5
Pump-Enhanced
Continuous-Wave
Magnetometry
5.1 Introduction
The NV center is a promising platform for sensing weak magnetic fields with
high spatial resolution at room temperature. In this chapter, we report on
a magnetometer enhanced by an optical cavity. We use a CVD diamond
with a low concentration of NV centers, ∼ 2 pbb, and construct a split-ring
resonator to deliver a uniform MW field to the diamond. The optical cavity
enables us to reach a linewidth-narrowing regime which optimizes the ODMR
slope and enhances the sensitivity.
We extracted a sensitivity of ∼ 3 nT/√Hz and incorrectly concluded a
measured magnetic noise floor of ∼ 200 pT/√Hz. Later, we realized there
was a calibration error in Fig. 5(a) in Section 6.2. The error occurred in the
calculation of the ASD. The noise density is off by a factor of
√
250. The
corrected noise density is shown in Fig. 5.1 in this section. The magneti-
cally insensitive trace plots a magnetic noise floor of ∼ 3 nT/√Hz, which
explains the discrepancy between the measured noise floor and the extracted
sensitivity.
We obtain a bandwidth of 159 Hz followed by a 6 dB/octave roll-off that
is generated by the low-pass filter of the LIA. The magnetically sensitive
trace contains a low-frequency magnetic noise that is mainly caused by tem-
perature fluctuations. Furthermore, a pronounced environmental magnetic
noise at 50 Hz and its harmonics are visible in the spectrum.
53
CHAPTER 5. PUMP-ENHANCED CONTINUOUS-WAVE
MAGNETOMETRY
Figure 5.1: Plots of the magnetic noise spectral density when on reso-
nance (ωc = ω0) and off resonance (ωc >> ω0) for both groups A and B with
Ω ∼ 0.55 MHz and Γp ∼ 0.3 MHz (Pin ∼ 0.4 W). The combined noise floor
of the LIA and photodetector for the lowest LIA gain settings, assuming a
similar max{dωSLI} to that of A, is also plotted. The plots are averaged
from five subsequently measured frequency traces and are smoothed using
a Savitzky-Golay filter. Magnified plots of the peaks designated (i) and (ii)
show unsmoothed data points with the smoothed traces, highlighting the
detection and lack of detection of the 50-Hz magnetic hum and its second
odd harmonic when on or off resonance. The differences in amplitude are
attributed to varying laboratory conditions.
5.2 Publication
This section was published in Physical Review Applied with the title of
”Pump-Enhanced Continuous-Wave Magnetometry Using Nitrogen-Vacancy
Ensembles” as follows:
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Ensembles of nitrogen-vacancy centers in diamond are a highly promising platform for high-sensitivity
magnetometry, whose efficacy is often based on efficiently generating and monitoring magnetic-
field-dependent infrared fluorescence. Here, we report on an increased sensing efficiency with the use
of a 532-nm resonant confocal cavity and a microwave resonator antenna for measuring the local magnetic
noise density using the intrinsic nitrogen-vacancy concentration of a chemical-vapor deposited single-
crystal diamond. We measure a near-shot-noise-limited magnetic noise floor of 200 pT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
spanning
a bandwidth up to 159 Hz, and an extracted sensitivity of approximately 3 nT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
, with further
enhancement limited by the noise floor of the lock-in amplifier and the laser damage threshold of the
optical components. Exploration of the microwave and optical pump-rate parameter space demonstrates a
linewidth-narrowing regime reached by virtue of using the optical cavity, allowing an enhanced sensitivity
to be achieved, despite an unoptimized collection efficiency of < 2%, and a low nitrogen-vacancy
concentration of about 0.2 ppb.
DOI: 10.1103/PhysRevApplied.8.034001
I. INTRODUCTION
The nitrogen-vacancy (N-V) center, an atomlike defect
within a diamond crystal lattice, is an auspicious quantum
sensor because of its readily polarized anddetected spin state
[1]. The characteristics of the N-V center combine high
sensitivity and spatial resolution allowing for the detection
of spatial temperature gradients [2,3], electric fields [4], and
magnetic fields [5–7]—all at room temperature—by meas-
uring the fluorescence contrast via optically detected mag-
netic resonance (ODMR). By using an N-size ensemble of
N-V centers, the collective sensitivity is improved by a factor
of N−1=2 [8]. Developing diamond ensemble-based mag-
netic sensors presents advantages over their atomic-vapor
and superconducting equivalents, particularly in terms of
their relative simplicity, integrability in a variety of devices,
and biological compatibility [9]. Themethods developed for
the collective control and readout of a N-V ensemble for
sensing applications should also be useful for scalable
quantum-information schemes using ordered ensembles
[10], or for potentially coupling N-V ensembles to atomic
vapors to create hybrid quantum systems for fundamental
and applied experiments [11].
In this article, we present a proof-of-principle system
for continuous-wave N-V-ensemble-based magnetometry
which combines an optical and a microwave resonator. In
combination with lock-in amplification and the simulta-
neous excitation of all three hyperfine lines, a near-shot-
noise-limited noise floor of approximately 200 pT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
is
achieved from the inherent 14N-V− concentration of an off-
the-shelf single-crystal diamond (approximately 0.2 ppb)
while collecting an estimated < 2% of the generated
fluorescence. To put these parameters in context, assuming
that sensitivity unquestionably scales with N−1=2 and the
detection efficiency, the work presented here should be
compared to, for example, Refs. [12,13], which report
measured sensitivities in the roughly 15- and 290-pT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
ranges, respectively, using highly engineered diamonds
with enhanced N-V concentrations > 100 ppb and a
detection efficiency that is > 15%. The system presented
in this article shows comparable sensitivity despite the
lower concentration and collection efficiency, and it is
anticipated to provide a solid foundation for develo-
ping further optimized and miniaturized cavity-based
devices. These devices are to be implemented and com-
bined in a variety of sensing applications, most notably
in scenarios involving live biological tissue. Other works
which report pT-fT sensitivities using N-V ensembles
include that of Refs. [14,15]; however, these reported
sensitivities are limited to ac fields, as they are achieved
using spin-echo pulse sequences—unlike the continuous-
wave approach presented in this work, which is applicable
to both dc and ac fields.
The first section of this article briefly overviews the
motivation of this work, followed by an overview of the
N-V-center electronic structure, along with the experimen-
tal methods used. This overview is followed by a discussion
of the optical-cavity parameters and a brief assessment of
the system’s total optical loss, leading to an estimate of the
number of N-V centers collectively excited and the pro-
portionality between the intracavity power and the ensem-
ble excitation rate. Next, the ODMR spectrum and its
equivalent lock-in spectrum are presented, and the char-
acteristics of the optimal parameters reachable with our*haitham.el@fysik.dtu.dk
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current configuration are discussed. The measured spectra
are compared with a theoretical model which highlights the
occurrence of linewidth narrowing and allows for the
derivation of an optimum shot-noise-limited sensitivity.
Finally,measurements of themagnetic noise spectral density
and an external magnetic field using the optimized system
are presented.
II. EXPERIMENTAL METHOD AND SETUP
Obtaining high densities and efficiently employing
them in a sensing scheme poses complications in terms of
collective control and signal readout. Specifically, the
inherent difficulties with increased densities spanning larger
volumes involve insufficient collective polarization, inho-
mogeneous broadening, and nonoptimal signal collection.
Large densities are usually obtained through high-
temperature high-pressure growth or extended nitrogen
ion implantation and annealing, both of which suffer from
poor N-to-N-V conversion efficiencies (< 20% [16]) and
lead to a large concentration of N nuclear spins (in the form
of single and aggregate substitutional defects) alongside
13C nuclear spins. These nuclear spins inhomogeneously
broaden the collective N-V spin resonance, and while such
broadening can be mitigated by using 12C purified diamond
[17], the problem of low N-V creation efficiencies accom-
panying degradation of the collective coherence and
crystal integrity still remains. At the same time, efficient
collection of the generated fluorescence involves circum-
venting the limitations of the high refractive index of
diamond, which results in a small critical angle of escape
and significant light loss through total internal reflection.
Different approaches have been studied to overcome this
problem, involving, e.g., applying a solid immersion lens
[18,19], coupling N-V centers to photonic crystals [20],
using a dielectric antenna [21] or side-collection detection
[14]. Alternative strategies intended to circumvent these
issues have also been explored through sensing based on
cavity-assisted absorption of the shelving state [22,23], and
amplifying the ODMR fluorescence by trapping pump light
within the diamond through total internal reflection [13].
In general, single and ensemble N-V-based continuous-
wave sensing is limited by the ratio of the spectral ODMR
linewidth to the fluorescence contrast. For a given ensem-
ble, maximizing this ratio requires spatially uniform spin
polarization and readout pump rates across the ensemble
volume, which allows a saturated fluorescence regime to be
reached. Reaching a saturated regime becomes more
difficult with increasing ensemble volume and density,
given (a) the negligible absorption cross section of single
N-V centers, (b) the spatial inhomogeneity of the nuclear
spin bath, (c) the generated spin noise resulting from
spatially inhomogeneous fields which can only identically
polarize a fraction of the ensemble, and (d) the inherent
power broadening that accompanies increased polarization
rates to maximize ODMR fluorescence contrast. One
method of collectively tackling these issues is through
addressing the spatial uniformity and efficiency of the spin
polarization and readout pump fields with respect to a given
ensemble volume, while ensuring that the readout pump
rate is large enough to counteract power broadening [24]. In
this work, these issues are addressed by using an optical
cavity resonant with the readout pump light, in conjunction
with a microwave split-ring resonator antenna. The antenna
allows for a spin-polarizing field to be applied uniformly
across the ensemble volume that is excited by the readout
pump, while the cavity amplifies the power of the input
beam to collectively excite the ensemble at a fast-enough
rate to reach a linewidth-narrowing regime.
The electronic configuration of the N-V center [a sim-
plified schematic is shown in Fig. 1(a)] exhibits spin-
dependent fluorescence by virtue of the difference between
the jms ¼ 1i and the jms ¼ 0i spin-level intersystem
crossing rates (kI) from the 3E excited triplet state to the
shelving singlet states (1A1 ↔ 1E). In a simplified continu-
ous-wave (CW) picture for an ensemble of identical systems,
the radiative relaxation rate (kr) of all of the excited-state
levels competes with kI to bring about a fluorescence
contrast (C) based on the initial distribution of the spin-state
population in the triplet ground states (3A2). This ground-
state spin population is set by the ratio between the optical
readout pump rate (Γp) from above-band excitation (in this
case, a 532-nm laser), and the resonant microwave (MW)
drive rate of the spin levels (Rabi frequency,Ω), of which the
optical above-band excitation mechanism is near-perfectly
spin conserving. The presence of a local magnetic field
breaks the degeneracy of the jms ¼ 1i spin levels in the
ground and excited states, splitting them with a scaling
proportional to the product of the gyromagnetic ratio of γe ∼
28 MHz=mT and the projection angle of the field along the
N-V symmetry axis. The four possible crystallographic
orientations of a single N-V within the diamond unit cell
(along all four h111i directions) result in four distinct N-V
group alignments for a given magnetic field. In the exper-
imental setup, the splitting of these groups is tuned via the
placement of a permanent rare-earth magnet on a three-axis
translation stage in the vicinity. A coil magnet is also placed
next to the diamond (offset from the optical-cavity path) to
generate weaker fields for assessing the system’s response to
low-frequency ac magnetic fields. The presence and magni-
tude of a local magnetic field is directly detected by
monitoring the change in fluorescence of one of these
aligned groups as a function of the applied MW frequency
ωc=2π. As a result, the detection sensitivity using the
ODMR spectrum SCW is limited by the inverse of the
maximum MW-dependent rate of fluorescence change,
½maxfdωSCWg−1, where dω denotes the derivative with
respect to the MW frequency.
Confocal cavity-assisted ODMR is carried out using the
native 14N-V− concentration of a polished and untreated
single-crystal diamond (6 × 6 × 1.2 mm, Element Six)
AHMADI, EL-ELLA, HANSEN, HUCK, and ANDERSEN PHYS. REV. APPLIED 8, 034001 (2017)
034001-2
grown using chemical vapor deposition (CVD), with a
quoted substitutional nitrogen concentration [Ns] of
< 1 ppm. The diamond is mounted on a homebuilt
apertured circuit board, patterned with a MW split-ring
resonator and, as shown in the schematic in Fig. 1(b),
placed vertically between two confocal-cavity mirrors at a
Brewster angle of θB ¼ 67° 0.4° relative to the cavity’s
longitudinal axis. Both cavity mirrors, R1 and R2, have a
curvature radius of 10 cm and are antireflection coated for
532 nm on the flat ends. The measured reflectivities are
R1 ¼ 94.8% 0.1% and R2 ¼ 99.8% 0.1%, giving a
projected finesse of 113 4. The measured finesse of
the empty cavity is F ¼ 114, shown in Fig. 2(a), agrees
well within the error of the projected value. An unequal
mirror reflectivity is chosen in order to approach impedance
matching conditions when incorporating the diamond. The
cavity is pumped with a phase-modulated and p-polarized
532-nm laser possessing a single longitudinal mode (Verdi
SLM Coherent, rms < 0.03% from 10 Hz–100 MHz), and
Pound-Drever-Hall (PDH) locked using the transmitted
light through R2, and a piezoelectric actuator attached to
the R1 mirror mount. The confocal configuration of these
mirrors results in a Laguerre-Gaussian LG00 mode with a
1=e beam waist of 92 μm and a Rayleigh length of
approximately 50 mm. With the diamond incorporated at
its θB angle, and accounting for the standing-wave spatial
intensity profile, an effective 1=e excitation volume of
about 3.5 × 10−2 mm3 is obtained, considering the LG00
transverse beam profile. The overall influence of the spatial
standing-wave intensity variations are observed to be
negligible when performing comparative measurements
with and without the use of the cavity mirrors for similar
optical excitation powers. Owing to the expected uniform
spatial distribution of the N-V centers, the same total
fluorescence rate is expected when comparing a flat and
sin2 spatial profile with the same average intensity.
For sensing-based measurements, fluorescence is col-
lected directly from the large face of the diamond using
either a NA ¼ 0.7 objective (Mitutoyo, with an approxi-
mate transmission efficiency of 77% at 700 nm), or a
NA ¼ 0.79 condenser lens (Thorlabs ACL25416U-B, with
an approximate transmission efficiency of 99.7% at
700 nm) and filtered using a long-pass filter with a 600-
nm cut-on wavelength. Considering the refractive index of
diamond, the numerical aperture of the objective, and the
loss from the remaining optical components, the total
collection efficiency is estimated to be< 2%. The collected
fluorescence is focused onto a Si-biased detector (Thorlabs
DET36A with an approximate quantum efficiency of 70%
at 700 nm) attached with a 10 kΩ load resulting in a 400-
kHz detection bandwidth. The detected signal is noise
filtered and amplified using a lock-in amplifier (Stanford
Research Systems SR510) through either amplitude or
sine-wave frequency modulation of the MW drive (30-kHz
modulation rate and 0.5-MHz modulation depth), for which
the in-phase quadrature is output. The lock-in amplifier
input is set with a bandpass filter centered at the modulation
frequency (6-kHz bandwidth), and the output is set with a
1-ms time constant, thereby imposing a first-order low-pass
filter with a corner frequency at 159 Hz. For simultaneously
driving all three 14N hyperfine lines, the modulated MW is
mixed with a 2.16-MHz drive (corresponding to the axial
hyperfine splitting frequency A∥). The MW drive frequency
ωc=2π is delivered using a split-ring resonator which has a
measured resonance at 2.884 GHz and a bandwidth of about
91 MHz. The spatial uniformity of the delivered MW power
(a) (b) (c)
532-nm
p polarized
Lock-in
amp.
B
E
A
E
A
FIG. 1. (a) A simplified diagram of the N-V energy levels, highlighting the most significant decay and excitation pathways described in
the text, as well as the splitting of the ground- and excited-state spin levels as a function of external magnetic field strength. (b) Simplified
schematic of the experimental setup highlighting the most essential components used tomeasure ODMR from the diamond. The diamond
is placed at a Brewster angle θB relative to the cavity axis, which is defined by two mirrors with reflectivities R1 and R2, where the input
mirror reflectivityR1 < R2. The cavity is pumped through the input mirror with phase-modulatedp-polarized light and is locked using the
PDH techniquewith a servomechanism thatmonitors the transmitted light throughR2 and actuates a piezoelectric stack attached toR1. The
N-V resonance is driven by a modulated frequency fc ¼ ωc=2π that is mixed with fm ¼ A∥ ¼ 2.16 MHz generated from a second signal
generator. An antenna attached to the apertured diamond holder is used to deliver themixed drive frequency.Amodulation reference signal
at frequency ν is sent to a lock-in amplifier which is connected to the detector measuring the ODMR fluorescence generated from the
diamond. (c) A picture of the diamond mounted on the apertured MW antenna, placed between the cavity mirrors.
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is deduced from spatially dependent measurements of the
Rabi frequency Ω using confocal microscopy, which is
observed to vary by < 2.5% over a region of about 1 mm2,
across the 1.2-mm thickness of the diamond. The equivalent
Ω of the applied MW power is determined using pulsed
excitation in the cavity configuration.
III. CAVITY-ENHANCED ODMR READOUT
A. Characteristics of the confocal cavity
The enhancement of the input laser power by the
confocal cavity is estimated directly from the measured
finesse, F . With the inclusion of the diamond and its
associated absorption losses, a 60.5% reduction of the
finesse is observed down to F ¼ 45, as shown in Fig. 2(a),
along with a full free spectral range scan highlighting the
dominance of the LG00 mode. The on-resonance relation-
ship between the intracavity power Pcav and the input
power Pin is Pcav ≃ PinT1=ð1 − ϱÞ2, where T1 is the
transmission of the input mirror and ϱ ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR1R2e−αp is
the cumulative round-trip loss product, with α being the
propagation-loss coefficient. ϱ is calculated from the
polynomial root of its relation with F through Fϱþ
π
ﬃﬃﬃ
ϱ
p − F ¼ 0 and, in the absence of the diamond, is
assumed to be a function solely dependent on the product
of R1R2. Using this relationship, a measured power-
dependent flux rate is plotted in Fig. 2(b) as a function
of Pcav and Pin. A clear transition from a linear to a
nonlinear dependence is observed which is fitted with
R ¼ RsatP=ðP þ PsatÞ to estimate the excitation effi-
ciency R=Rsat and the projected saturation power Psat.
The excitation efficiency is estimated to reach about 31%
for Pin ∼ 0.4 W and 50% for Pin ∼ 0.87 W, for which the
latter corresponds to an intracavity power of Psat ∼ 9 W.
By measuring the finesse of the empty cavity, the product
of the two mirror reflectivities, R1R2, is determined with
adequate precision. This determination of R1R2 from an
empty cavity allows for the reasonable assumption that the
product α from the measured finesse of the loaded cavity is
attributable solely to the diamond. This loss is composed of
diamond bulk- and surface-based absorption, αabl and αsurf ,
birefringence-related loss αbr, and scattering losses αsc due to
surface-roughness-based scattering for every round-trip:
α ¼ αablþ 4αsurf þ 4αsc þ αbrl. Given the magnitudes of
power, the laser wavelength, and the 600-nm cut-on wave-
length of the bandpass filter, loss associated with the
discharging of 14N-V− → 14N-V0 is considered to be neg-
ligible [25]. To decompose α, the amount of green light
reflected from the surface of the diamond while the cavity is
locked is measured. The total fraction of this reflected power
to intracavity power corresponds to about 0.006, of which
approximately 80% is s-polarized light. Using this measured
reflection-based loss, and assuming that surface absorption
is negligible (as the surfaces are cleaned with acid and
constitute a negligible fraction of the beam path), an absorp-
tion-loss coefficient of αab ∼ 0.0301 mm−1 is estimated for
l ¼ 2 × 1.3 mm.
Apart from the absorption of N-V−, absorption around
532 nm can also be attributed principally to the nitrogen-
vacancy-hydrogen (N-V-H) defect inherent in CVD-grown
diamond [26]. Using the reported absorption coefficients in
Ref. [26] for similar CVD diamonds (αN-V0-H ∼ 0.03 mm−1),
along with the absorption cross section of N-V reported in
Ref. [27] (σN-V ¼ 3.1 × 10−15 mm2), the [N-V−] concen-
tration can be approximated through αab ≈ σN-V ½N-V− þ
αN-V0-H. An estimated concentration of about 6 × 10
10 mm−3
is achieved, which translates to approximately 0.2 ppb
14N-V− (about 0.02% of the quoted [Ns] upper-bound
concentration). These estimated concentrations are corrobo-
rated with estimates obtained through fluorescence count-
rate measurements which indicate a concentration of about
0.16 ppb. Altogether, an order of magnitude estimate of 109
N-V− within the excitation volume is determined. Although
the inability to exactly discern competing absorption species
and their mechanisms results in a large uncertainty in using
(b)
(a)(i) (a)(ii)
in
cav
FIG. 2. (a)(i) Transmission spectrumof the cavity as a function of
the laser frequency detuning for the cavitywithout (green) andwith
(red) the diamond, showing the dominance of the LG00 mode and
a small negligible peak of the LG01 mode (evident from the
displacement by half of the free spectral range) for both instances.
(a)(ii) Enlargement of one of the transmission peaks highlighting
the linewidth increase from approximately 6.5 to 17MHz. (b) Rel-
ative power-dependent photon flux in arbitrary units for the
collected light from the diamond without (black points) and with
(red points) the cavity, plotted as a function of the cavity input Pin
and intracavity powers Pcav. The excitation efficiency R=Rsat is
also shown on the right scale for the cavity-enhanced photon flux.
The black trace is a linear fit, while the red trace is a power-law fit,
as discussed in the text.
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these assumptions, the estimate represents a realistic order of
magnitude which reflects values reported in the literature for
similar CVD diamonds, and from which the proportionality
between the intracavity pump power and the excitation rate
can be estimated to be on the order of ε ∼ 0.3 kHz=mW.
B. Lock-in amplified magnetic resonance detection
The full ODMR spectrum of the 3A2 spin states and the
corresponding lock-in detected signals are shown in Fig. 3.
The spectrum in Fig. 3(a)(i) is obtained through lock-in
amplification using a pulsed MW signal, and highlights the
deliberate alignment of the external magnetic field along
one of the h111i crystallographic directions, as well as the
influence of the split-ring resonator bandwidth. Given the
four possible crystallographic orientations of the N-V
defect, perfect alignment with only one axis orientation
at a time is possible for a simple magnetic field, which
brings about the spin-level degeneracy of the three other
orientations. For an ensemble, splitting of the lines is
generally desired in order to circumvent the degraded
resonance line shape resulting from residual stray fields
that break the degeneracy of the four subgroups. It is also
necessary in the case of pulsed schemes where optimal
coherence times are required [29], but these advantages are
brought about at the expense of contrast, which is clearly
visible in Fig. 3(a)(i) when comparing the leftmost peak to
the two inner peaks. In the case of CW measurements and
sensing schemes, such splitting is not strictly required and
the advantage in detection of the enhanced contrast of three
degenerate lines outweighs the reduced collective coher-
ence. However, the three subgroups’ sensitivity is degraded
by the nonparallel projection angle of an external magnetic
field. Irrespective of how the sensed field is aligned with
respect to the three subgroups, the gyromagnetic ratio is—
at best—reduced by a factor of cosð54.7°Þ.
The amplitude ratios of the outer and inner peaks,
designated here as group A and group B, respectively
[labeled in Fig. 3(a)], do not possess a 1∶3 ratio in this case
due to the use of the split-ring resonator, which ensures
more spatially uniform power delivery at the expense of
power uniformity over the desired ODMR frequency
window. The S11 trace of the loaded MW resonator is
overlaid in Fig. 3(a)(i) (in normalized arbitrary-loss units)
and shows a peak at around 2.884 GHz, which is centered
between the jms ¼ þ1i spin levels of groups A and B.
As introduced previously, the sensitivity of the reso-
nances to the presence of fluctuating fields is directly
proportional to ½maxfdωSCWg−1. This product can be
enhanced by modulating the MW field and amplifying
the resulting ac signal using a lock-in detector, resulting in a
frequency-modulated ODMR signal SLI, which is propor-
tional to the derivative of the unmodulated signal and is
shown in Fig. 3(a)(ii). The resulting spectra displays
features with slopes that are approximately 2× steeper,
and presents a higher field sensitivity at the expense of the
lock-in-imposed bandwidth. However, due to the presence
of three hyperfine levels from the 14N nuclear spin and their
considerable spectral overlap, single-frequency excitation
results in an unoptimized contrast—and therefore a reduced
maxfdωSLIg—relative to the optimal contrast expected
from a single ideal spin resonance. The reduced contrast
may be mitigated by either working at the excited-state
level anti-crossing regime where all N nuclei are polarized
upon green-light excitation [30], or by simultaneously
exciting all three frequencies, which should result in the
same enhanced contrast, using the measured MWexcitation
frequency spectrum shown in Fig. 3(b). The latter approach
is more practical, as it avoids the restriction of working at a
set magnetic field strength and alignment angle [30,31].
Simultaneous excitation of all three hyperfine transitions is
carried out by mixing the modulated driving frequency with
a sine wave oscillating at a frequency equal to the axial
hyperfine constant A∥ ¼ 2.16 MHz (the splitting of the
three hyperfine lines), which results in the spectrum shown
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FIG. 3. (a)(i) Amplitude-modulated lock-
in spectrum (purple trace) plotted in units of
measured signal contrast as a function of
MW drive frequency, with the frequency-
dependent reflection parameter (S11) of the
split-ring resonator antenna (blue trace)
incorporated for comparison (not sharing
the y axis with the red trace). The frequency-
modulated spectrum using single-frequency
excitation (a)(ii) and three-frequency exci-
tation (a)(iii) are shown for comparison.
(b) Measured three-frequency excitation
spectrum (a wide-span measurement is
shown in the Supplemental Material [28]).
(c) Plot of the derivative dωSLI of peak A
outlined in (a)(ii) and (a)(iii) using the
same color. A simulation of the signal using
Eq. (4) is overlaid with the measured trace in
(a)(iii) (the black dotted line).
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in Fig. 3(a)(iii). The resulting slopes in Fig. 3(a)(iii) are
approximately 2–2.5 times the slopes generated from the
single-frequencymodulated signal, as canbe seen inFig. 3(c),
with further enhancement dependent on the optimization of
the modulation depth, and the Γp=Ω ratio which judges the
degree of linewidth narrowing brought about.
Both CW and lock-in spectra can be simulated using the
steady-state solution of a five-level Bloch equation [32],
set up with the rates reported in Ref. [33]. An analytical
expression is defined in terms of the steady-state solutions
of the excited-state populations ICW as a function of Γp,Ω,
and the detuning of the drive frequency ωc=2π relative to
the peak resonance frequency ω0=2π [28]. For the three
hyperfine lines, the expression can be defined as a sum of
three Lorentzian distributions:
SCWðωcÞ ¼
X
mI¼f−1;0;1g
V0
ðIΩ¼0CW − IΔ¼0CW Þγ2
Δ2 þ γ2

; ð1Þ
where V0 is the off-resonance detected voltage, mI is the
nuclear spin quantum number, γ is the half width at half
maximum, and the detuning is expressed through
Δ ¼ ðωc − ω0Þ þ 2πmIA∥. This expression includes the
influence of both power broadening and linewidth narrowing
through ICW, providing a basis to define the lock-in equiv-
alent signal, which is a product of a cosine reference signal
Sref ¼ cos ð2πνtÞ and a detected signal, both modulated at
a reference frequency ν. The modulation of ωc=2π is carried
out at the same frequency ν with a modulation depth m
using a sine-wave function, resulting in a modulation index
β ¼ m=ν. The ODMR spectrum SCW becomes a function of
ωðtÞ ¼
X∞
n¼−∞
JnðβÞ sin ðωctþ nν2πtÞ; ð2Þ
where Jn is a Bessel function of the first kind of order n [28].
Assuming that the reference and modulated signals are
perfectly in phase, the expression for the lock-in signal takes
the form of
SLIðωcÞ ¼ AV0SCW(ωðtÞ)Sref ; ð3Þ
where a lock-in voltage prefactorA ∝ 10g is proportional to
the lock-in amplifier gain factor g. For β > 1, the power
spectrum of Eq. (2) shows approximately n≃ ⌈β⌉ significant
peaks which possess an amplitude that is at least 1% of
the central unmodulated carrier frequency [34]. Using this
picture, expression (3) becomes equivalent to the sum of two
sets of n=2 out-of-phase spectra, each driven by an Ω scaled
by a Bessel function JnðβÞ which has been normalized with
respect to the maximum amplitude of the calculated fre-
quency spectrum (obtained using Eq. (2)):
SLI ≃AV0
2
X⌈β=2⌉
n¼0
ðSCW½ωc þ nν2π; jJnðβÞΩj
− SCW½ωc − nν2π; jJnðβÞΩjÞ. ð4Þ
A generated spectrum using Eq. (4) is fitted to a measured
spectrum in Fig. 3(c), showing excellent agreement.
With an optimized m, ν, and drive frequency composi-
tion, exploration of the trend of maxfdωSLIg with varying
Γp’s and Ω’s is carried out for a fixed lock-in gain and time
constant. The measured points are plotted in Fig. 4(a).
Using the equivalent experimental lock-in gain settings
(giving a prefactor of g ¼ 5 × 103), coherence times
obtained through pulsed measurements, and decay rates
inferred from Ref. [33], a simulated comparison is shown in
Fig. 4(b), using Eq. (4) and the five-level model summa-
rized in the Supplemental Material [28]. Both measured
and simulated trends indicate an Ω-dependent maximum,
while there is a general increase with Γp. Specifically,
the increase in Γp is seen to offset the degradation of
maxfdωSLIg associated with power broadening when Ω
increases. Essentially, this is the linewidth-narrowing effect
[24,35], where the onset of power broadening is counter-
acted by the increased depletion rate of 3A2. This mecha-
nism is accentuated by adjusting the Γp=Ω ratio, which
leads to obtaining an optimum maxfdωSCWg. This regime
is reached by virtue of the cavity enhancement, allowing for
the necessary Γp for the large ensemble volume to be
achieved. The Ω values used for the simulation match the
experimentally verified parameters, while the excitation
rate is found to obey the relationship Γp ≃ ðε=4ÞPcav.
Although the trend correspondence is not perfectly iden-
tical in this part of the parameter space, the similarity of the
occurrence and position of a minimum and the slope values
points towards the validity of expression (4).
A projection of the maximum-attainable sensitivity can
be calculated assuming detection is limited solely by the
lock-in input noise and the detected shot noise. The
projected sensitivity can be estimated from the ratio of
the electronic noise level and the point in the spectrum
where the fastest rate of fluorescence change occurs when
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FIG. 4. (a) Measured maxfdωSLIg for ωc ¼ ω0 as a function of
Ω and Γp. (b) Simulated comparison of the plot in (a) using
Eq. (4) and identical experimental parameters of A ¼ 5 × 104,
T1 ∼ 5.5 ms, T2 ∼ 0.4 μs, and m ¼ 0.5 MHz.
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a magnetic field is applied, i.e., the point of maximum
slope maxfdωSLIg. Considering an ensemble of 109
emitters and a collection efficiency of 2%, the shot-noise
level is calculated to be approximately 58 nV=
ﬃﬃﬃﬃﬃﬃ
Hz
p
.
Using the estimated lock-in input noise and detector
load-generated noise (approximately 7 nV=
ﬃﬃﬃﬃﬃﬃ
Hz
p
and
13 nV=
ﬃﬃﬃﬃﬃﬃ
Hz
p
, respectively), along with the previously
stated gain setting A ¼ 5 × 104 and the coherence times
for the measurements in Fig. 4(a), a maximum projected
sensitivity is calculated as
δB ¼ Að80nV=
ﬃﬃﬃﬃﬃﬃ
Hz
p Þ
maxfdωSLIgγe
∼ 160 pT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
ð5Þ
for Ω ¼ 5.7 MHz and Γp ¼ 6 MHz, which corresponds to
a cavity input power of Pin ¼ 1.1 W. While δB should
scale inversely with the square root of the number of N-V
centers, the measured absorption fraction and simulations
indicate that the expected excitation power needed to
optimize maxfdωSLIg is strongly nonlinear with respect
to the number of emitters. While the actual increase in
excitation power will depend on how exactly the N-V
densities are increased and the resulting ratio between N-V
centers and other absorbing impurities, this suggests that
increasing ensemble densities to maximize sensitivities
may not be an optimal strategy, as the power required to
optimize maxfdωSLIg may be difficult to experimentally
maintain. Instead, further improvement of the collection
efficiencies and detection electronics (in terms of photo-
detector responsiveness and low-noise preamplification)
would be more practically realizable.
IV. ENHANCED MAGNETIC FIELD SENSING
Optimization of the lock-in modulation and excitation
rates provides an optimally sensitive magnetic field probe,
and by setting ωc ¼ ω0 (the point of maxfdωSLIg),
the presence of magnetic fields is observed through the
change in the detected voltage, with a scaling inversely
proportional to γe. Experimental assessment of the resulting
sensitivity is carried out through both measuring the
magnetic noise spectral density, as well as generating a
weak oscillating field close to the diamond, the results of
which are summarized in Fig. 5.
For the measurement of the spectral noise density,
groups A and B are both assessed. With ωc ¼ ω0, a time
trace of 5 × 105 samples is recorded with a 2-kHz sampling
rate, and the resulting sensitivity (T=
ﬃﬃﬃﬃﬃﬃ
Hz
p
) scaling of the
trace’s Fourier transform is obtained. This measurement is
also carried out for a MW excitation that is off resonance
ðωc ≫ ω0) in an insensitive part of the spectrum. The
resulting spectra in Fig. 5(a) show distinct spectral features
resting on a approximately 200-pT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
noise floor for
both groups A and B. Given the theoretically anticipated
sensitivity calculated in the previous section, this value is
deemed to be near-shot-noise limited for the current
excitation parameters of Ω ∼ 0.55 MHz, and Γp ∼
0.3 MHz (Pin ∼ 0.4 W). Low frequency (dc to 5-Hz) noise
is attributed to the slow, temperature-dependent, fluctuating
magnetization of the permanent magnet and to other
residual magnetizations of surrounding metallic compo-
nents. It is also affected by the temperature dependence of
the N-V resonance frequency, which has a temperature-
dependent zero-field splitting adding to the shifted spin
resonances ω0 by a factor of−74.2 kHz=K [36]. Group B is
expected to be much more sensitive to such low-frequency
magnetic noise due to the three subgroups possessing
different relative projection angles, and it therefore displays
a higher noise density below 5 Hz. Towards higher
frequencies, there is a characteristic first-order filter roll-
off (−20 dB=decade) which occurs after the cutoff fre-
quency at 159 Hz. Most noteworthy is the detection of the
50-Hz magnetic mains “hum” and its subsequent odd
harmonics, shown to be detectable only when the MW
is on resonance. Detection of 50 Hz and its second odd
harmonic for both groups are shown in Figs. 5(a)(i)
and 5(a)(ii), subject to the characteristic dampening of
the low-pass filter. For comparison, the noise spectra
generated from the lock-in amplifier at its lowest gain
setting with the connected blocked detector is also plotted,
with a similar sensitivity scaling as for group A. This
represents the cumulative noise floor limit of the current
configuration, which may be overcome by further enhanc-
ing maxfdωSLIg (i.e., via changing the linewidth-to-
contrast ratio) and increasing the light collection efficiency.
Further investigation of the system’s noise characteristics
is carried out by calculating the Allan deviation of the time
traces used to calculate the noise spectra in Fig. 5(a). Using
the color designation in Fig. 5(a), the Allan deviations are
plotted in Fig. 5(b) in units of T. The Allan deviation is a
measure of the standard deviation as a function of sample
binning size and is commonly used, in conjunction with the
spectral noise density, to study and identify the presence of
systematic and stochastic noise in oscillatory systems [37].
The slopes and features of the obtained trend highlight the
type of noise present and their limits on the optimal
averaging time. In the calculated Allan plots, the most
striking feature is the clear difference in behavior between
the on- and off-resonance traces. The off-resonance traces
exhibits a constant τ−1=2 scaling, which signifies the
dominance of stochastic white noise, as expected from
thermally induced electronic noise generated in the detector
and lock-in amplifier components. Both on-resonance
traces also show the same trend dressed with the systematic
noise originating from the 50-Hz hum, but they reach
slightly different minimum τ’s of approximately 4 nT at
0.4 s and about 6 nT at 0.2 s for A and B, respectively.
Group B displays a higher Allan deviation on a slightly
shorter time scale, believed to be due to the increased
sensitivity of three groups maintaining degeneracy, and the
larger intrinsic magnetic noise inherent to the denser
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ensemble of group B compared to group A. For longer
averaging times, the minima are followed by an increase
with a scaling that signifies the onset of long-term thermal
drift, originating from, e.g., temperature-based magnetiza-
tion fluctuations and the thermal expansion and displace-
ment of surrounding metallic fixtures.
Finally, a weak ac magnetic field is applied to test the
system response to more realistic measurement scenarios. A
60-Hz sine field is generated using the coil placed near the
diamond holder, and a time trace is measured for group B,
using all of the same measurement parameters applied for
measuring the magnetic spectral noise density in Fig. 5(a).
A portion of a recorded 250-s time trace is plotted in
Fig. 5(c), which distinctly highlights beating between
the generated 60-Hz field and the 50-Hz magnetic hum.
Bearing in mind the Allan-deviation characteristics of the
magnetometer shown in Fig. 5(b), estimating a single
standard deviation of the measured trace would only be
fair in the presence of a flat spectrum dominated by white
noise. Instead, an Allan deviation of approximately 6 nT is
FIG. 5. (a) Plots of the magnetic noise spectral density when on resonance (ωc ¼ ω0) and off resonance (ωc ≫ ω0), for both groups A
and B with Ω ∼ 0.55 MHz and Γp ∼ 0.3 MHz (Pin ∼ 0.4 W). The combined noise floor of the lock-in and detector for the lowest lock-
in gain settings, assuming a similar maxfdωSLIg to that of A, is also plotted. The plots are averaged from five subsequently measured
frequency traces and are smoothed using a Savitzky-Golay filter. Magnified plots of the peaks designated (i) and (ii) show unsmoothed
data points with the smoothed traces, highlighting the detection and lack of detection of the 50-Hz magnetic hum and its second odd
harmonic when on or off resonance. The difference in amplitude are attributed to varying laboratory conditions. (b) Plots of the Allan
deviation of the traces in (a) using an identical color designation. The trends show drops scaling with τ−1=2 highlighting the dominance
of white noise in this regime, while the on-resonance plots are dressed with the systematic noise originating from the 50-Hz magnetic
hum. A minimum floor for on-resonance detection is reached for τ ¼ 0.2–0.4 s, which signifies the limitation of electronic voltage noise
(“flicker” noise), with further averaging (at large τ) giving no advantage. The subsequent increase highlights the dominance of long-term
drift through thermal- and mechanical-based Brownian noise. The larger Allan deviation of group B is related to the fact the maintaining
degeneracy is more noisy. (c) Time trace plot of the on-resonance response of group B to a generated 60-Hz magnetic ac field using the
coil. The beating of the 60-Hz noise and the 50-Hz magnetic hum is made clear by the red trace, which is a guide for the eye.
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obtained for a sampling bin of 0.2 s from the total 250-s trace
[a portion of which is shown Fig. 5(c)]. Accounting for the
sampling-bin bandwidth, a directly extracted sensitivity of
about 3 nT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
is calculated. This value is larger then the
measured noise density floor due to the presence of the low-
frequency magnetic noise fluctuations from the environment
and the magnetic coil itself. Through shielding of the
environment and stabilization of the magnetic coils current
source, this measured value is expected to approach the noise
floor of approximately 200 pT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
.
V. CONCLUSION AND OUTLOOK
This work demonstrates how amplifying the pump field
in combination with a microwave resonator antenna and
lock-in detection can reach a near-shot-noise-limited noise
floor using an off-the-shelf CVD diamond with no addi-
tional modification and unoptimized fluorescence collec-
tion. The use of the confocal cavity brings about excitation
across a volume of approximately 3.5 × 10−2 mm3, with an
estimated magnitude of about 109 N-V centers, allowing
for a nonlinear fluorescence excitation regime to be
reached. Reaching this excitation regime was crucial for
bringing about linewidth narrowing and thereby maximiz-
ing the measured lock-in slope, in combination with
simultaneously exciting all three hyperfine frequencies.
The enhanced sensitivity of the signal allows for the
measurement of an approximately 200-pT
ﬃﬃﬃﬃﬃﬃ
Hz
p
noise floor
for frequencies ranging from 0.1 to 159 Hz (limited by
the time constant set by the lock-in amplifier), and the
measurement of an applied 60-Hz magnetic field with
an extracted sensitivity of about 3 nT=
ﬃﬃﬃﬃﬃﬃ
Hz
p
which is
limited by the environmental magnetic noise. Compared
to the projected calculated sensitivity of approximately
160 pT
ﬃﬃﬃﬃﬃﬃ
Hz
p
that is achievable with the estimated number
of N-V centers, the measured noise floor is assumed to be
near-shot-noise limited.
This work shows the importance of enhancing the
efficiency and uniformity of excitation and spin polariza-
tion, with measured near-dc sensitivities comparable to
those reported in the literature that are based on using
denser N-V ensembles. Furthermore, it indicates that an
increased ensemble density may necessitate significantly
larger excitation powers to optimize their collective
sensitivity. While this statement may be obvious, these
results suggest that the needed power may be impractical
from an application point of view, even if N-V absorption is
the dominant absorption source.
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Appendix A: Fluorescence Signal Prior to Lock-in Detection, and Full Microwave Excitation Spectrum
FIG. 1. (a) Time-dependent NV fluorescence measured before the lock-in amplifier, with ωc = ω0 and modulated at 30 kHz.
The fluorescence is scaled relative to the maximum measured fluorescence when the cavity is locked. (b) Smoothed Fourier
transform of (a) highlighting significant RMS noise up to 3 kHz after which the noise floor reaches a plateau. (c) Zoom in of
the 30 kHz frequency component (not smoothed) displaying an intrinsic signal to noise ratio of S/Nint ∼ 750, and an extrinsic
signal to noise ratio S/Next ∼ 40. S/Next is extracted by fitting the wings of the central carrier frequency with a Lorentzian.
Two side-bands at 50 Hz originate from the beating of the central carrier with the 50 Hz magnetic hum.
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FIG. 2. Measured wide span spectrum of the carrier wave ωc mixed with a signal at the hyperfine splitting frequency A‖ = 2.16
MHz.
The detected signal prior to lock-in amplification is shown in supplementary figure 1(a), highlighting the effect of
the cavity servo on the diamond fluorescence while maintaining its lock. As seen in 6(b), the process of locking the
cavity, in addition to the environmental perturbations of the cavity mirrors and the increased shot-noise raises the
noise floor and introduces significant noise density up to 3 kHz, before settling. For these reasons, lock-in detection
using modulation frequencies past 3 kHz helps to circumvent the inherent noise density of the locked-cavity system.
Furthermore, the modulated ODMR signal (here generated by setting ωc = ω0 + the half width at half maximum)
posses a low signal to noise ratio, which benefits greatly from phase-sensitive amplification. This is shown in the
magnified window around 30 kHz in figure 6(c), where the 30 kHz peak shows an intrinsic signal-to-noise ratio
(limited by the intrinsic properties of the diamond) of S/Nint ∼ 750, and an extrinsic signal to noise ratio (limited
∗ haitham.el@fysik.dtu.dk
2by the noise from external field fluctuations) of S/Next ∼ 40. The intrinsic signal-to-noise ratio limits the smallest
delectable field δB to ∼ 20 nT. The beating of the central carrier with the 50 Hz magnetic hum is also apparent from
the 50 Hz separated side-bands.
The full excitation spectrum of the mixed carrier frequency is shown in supplementary figure 2 prior to amplification,
showing an absence of harmonics beyond the first order, as well as the relative power of the first order harmonics to
the central mixed frequencies.
Appendix B: Derivation of Expressions for Continuous-Wave and Lock-in ODMR Spectrum
A system of coupled rate equations for a five-level scheme (detailed in supplementary figure 3) is constructed to
model the ODMR spectrum dependence on the essential decay rates and the optical pump and MW drive. This is
used to be able to more accurately model the expected lock-in signal, in order to project the optimum limit of this
measurement technique and thereby better understand the limitations of the current system. The coupled equations
are derived using a Hamiltonian that only incorporates the resonant drive between the two ground-spin states:
Hˆ/~ =
∑
ωi|i〉〈i| − Ω cos (ωt)
(|1〉〈2|+ |2〉〈1|). (B1)
Using a rotating reference frame with the MW drive frequency ωc/2pi and the rotating-wave approximation, the
system of equations become:
ρ˙11 = −Γpρ11 + k31ρ33 + k41ρ44 + k51ρ55 − k21
2
(ρ11 − ρ22)− i
2
Ω(ρ12 − ρ21), (B2)
ρ˙22 = −Γpρ22 + k32ρ33 + k42ρ44 + k52ρ55 − k21
2
(ρ22 − ρ11) + i
2
Ω(ρ12 − ρ21), (B3)
ρ˙33 = Γpρ11 − (k35 + k32 + k31)ρ33, (B4)
ρ˙44 = Γpρ22 − (k45 + k42 + k41)ρ44, (B5)
ρ˙55 = k45ρ44 + k35ρ33 − (k52 + k51)ρ55, (B6)
ρ˙12 = −(γ′2 − i∆)ρ12 +
i
2
Ω(ρ22 − ρ11), (B7)
ρ˙21 = −(γ′2 + i∆)ρ21 −
i
2
Ω(ρ22 − ρ11), (B8)
where ∆ = (ωc−ω0) is the detuning between the MW frequency ωc/2pi and the ground-spin state transition frequency
ω0/2pi , while the spin and optical dephasing rates are defined through γ2 = k21/2+γ
∗
2 and γ
′
2 = γ2+Γp/2, respectively,
and Tr{ρˆ} = 1. The steady-state solutions for the ground state populations become:
ρss11 =
[
1 + Ξ +
Γp
K3
+
ΓpΞ
K4
+
k35Γp
K3K5
+
k45ΓpΞ
K5K4
]−1
, ρss22 =
[
1 +
1
Ξ
+
Γp
K4
+
Γp
K3Ξ
+
k45Γp
K4K5
+
k35Γp
K5K3Ξ
]−1
, (B9)
Ξ =
[(
k21
2
)
+
(
Γp(k32K5+k52k35)
K3K5
)
+
(
Ω2γ′2
2(γ′22 +∆2)
)]
[
Γp +
(
k21
2
)− (Γp(k42K5+k52k45)K4K5 )+ ( Ω2γ′22(γ′22 +∆2)
)] , (B10)
where:
K3 = k31 + k32 + k35, K4 = k41 + k42 + k45, K5 = k51 + k52. (B11)
The ODMR spectrum is then defined in terms of the excited levels steady-state populations, which are proportional
to the ground sate steady-state populations:
Icw = αρss33 + βρss44 =
αΓp
K3
ρss11 +
βΓp
K4
ρss22, (B12)
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FIG. 3. (a)Schematic of the 5-level structure used to model ensemble NV transitions, where only the |ms = +1〉 spin level is
considered for state |2〉 and |4〉, while the shelving states are merged into a single level |5〉. The listed decay rate values were
extracted from [1]. (b) Plot of equation B15 for both single- and three-frequency excitation, with the axis shown in terms of
the contrast C, with Γp = 0.3/2pi MHz and Ω/2pi = 0.1 MHz. (c) Single- and three-frequency excitation lock-in signals plotted
for the simulated spectra in (b) using equations B22 and B23.
where the pre-factors are functions of the fraction of the radiative relaxation rates:
α =
k31 + k32
K3
, β =
k41 + k42
K4
. (B13)
As a function of detuning, the expression (B12) (plotted in figure 3(b)) is equivalent to a Lorentzian function:
Scw(ωc) = IΩ=0cw
(
1− Cγ
2
∆2 + γ2
)
≡ αΓp
K3
ρss11 +
βΓp
K4
ρss22, (B14)
where
C = 1− I
∆=0
cw
IΩ=0cw
, 2γ ≈ γ∗2 +
1
2pi
√
γ22 +
γ2Ω2
k21 + Γp
, (B15)
for which C is the Ω/Γp-dependent contrast, IΩ=0cw is the generated spectrum when Ω = 0, and γ is the half width
at half maximum. When attempting to model the resulting lock-in signal, the modulation function of ωc/2pi and its
parameters needs to be considered. A sine-wave modulated field can be described through:
ω(t) = cos(ωct+ β sin(2piνt)), (B16)
where the modulation index β = m/ν is the ratio of the modulation depth m to the modulation frequency ν. Such
a modulated signal possesses an infinite bandwidth, and to more intuitively account for its influence on the lock-in
spectrum, this can be simplified by expanding the expression into its Fourier series coefficients, and then reducing it
using the integral identity of the Bessel function:
ω(t) = Re{eiωcteiβ sin(2piνt)}, (B17)
ω(t) = Re
{
eiωct
∞∑
n=−∞
Cne
in2piνt
}
, Cn =
1
2pi
∫ pi
−pi
ei(β sin(x)−nx)dx = Jn(β), where x = 2piνt, (B18)
ω(t) = Re
{
eiωct
∞∑
n=−∞
Jn(β)e
in2piνt
}
=
∞∑
n=−∞
Jn(β) cos(ωct+ n2piνt). (B19)
4The spectrum can thus be described by n frequency components, spaced by ν and scaled by the Bessel function of
the first kind Jn(β). The number of frequency components whose amplitude constitutes at least 1% of the central
un-modulated carrier frequency amplitude is well approximated as n ' dβe, for large β [2]. The modulated lock-in
signal can then be defined in terms of the sum of dβ/2e out-of-phase spectra equally spaced by ν, and driven by an Ω
that is scaled by |J∗n(β)| = |Jn(β)/χ| where χ is the largest Bessel function value generated from the set of dβe peaks:
SLI(ωc) = AV0
2
dβ/2e∑
n=0
(
Icw(∆ + n2piν, |J∗n(β)Ω|)− Icw(∆− n2piν, |J∗n(β)Ω|)
)
, (B20)
where V0 is the detected voltage prior to lock-in detection and A ∝ 10g−1 is proportional to the lock-in gain factor
g−1. To describe the full spectrum, the expression is summed for three distributions shifted by the axial hyperfine
constant A‖ = 2.16 MHz:
SLI(ωc) = AV0
2
∑
mI
dβ/2e∑
n=0
(
Icw(∆ + n2piν +mI2piA‖, |J∗n(β)Ω|)− Icw(∆− n2piν +mI2piA‖, |J∗n(β)Ω|)
)
, (B21)
where mI = {−1, 0, 1} is the nuclear spin quantum number. In the case of simultaneous driving of all three hyperfine
lines, expression (B21) becomes a further sum of the mixed ωc/2pi frequencies mx (= mI) with A‖:
SLI(ωc) = AV0
2
∑
mx
∑
mI
dβ/2e∑
n=0
(
Icw(∆ + n2piν + (mI +mx)2piA‖, |J∗n(β)Ω|)− Icw(∆− n2piν + (mI +mx)2piA‖, |J∗n(β)Ω|)
)
.
(B22)
Equations (B21) and (B22) are plotted in figure 3(c).
[1] L. Robledo, H. Bernien, T. van der Sar, and R. Hanson, “Spin dynamics in the optical cycle of single nitrogen-vacancy
centres in diamond,” New J. Phys. 13, 025013 (2011).
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Chapter 6
Magnetometry Based on Pump
Absorption
6.1 Introduction
In this chapter, we present an alternative technique for sensing magnetic
fields with NV centers that enables us to circumvent the difficulties of low
fluorescence collection efficiency. The ground state population of NV centers
depends on the spin-states of the electrons. As a consequence, the electron
spin-states can be detected by recording the pump light level transmitted
through the diamond.
We use the concept of absorption detected magnetic resonance (ADMR),
which is obtained by monitoring the transmitted pump light and sweeping
the MW drive around NV spin resonances. As the contrast of ADMR is very
low (∼ 10−6), we enhance the ADMR signal by building an optical cavity
around the diamond. Considering five electronic levels for the NV centers,
a set of optical Bloch equations is used to model the frequency-modulated
ADMR spectrum.
By measuring the pump light transmitted through the cavity, we demon-
strate a magnetic noise spectral density of ∼ 100 nT/√Hz for an input power
of 0.4 W. We obtain a bandwidth of 125 Hz followed by a 12 dB/octave roll-
off that is generated by the low-pass filter of the LIA. In addition, we estimate
a photon-shot-noise-limited sensitivity of ∼ 1 pT/√Hz by measuring the re-
flection of the cavity at the impedance-matched point and using a diamond
with an optimized NV concentration.
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6.2 Publication
This section was published in Physical Review B with the title of ”Nitrogen-
vacancy ensemble magnetometry based on pump absorption” as follows:
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Nitrogen-vacancy ensemble magnetometry based on pump absorption
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Jørn O. B. Hansen, Alexander Huck, and Ulrik L. Andersen
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We demonstrate magnetic-field sensing using an ensemble of nitrogen-vacancy centers by recording the
variation in the pump-light absorption due to the spin-polarization dependence of the total ground-state
population. Using a 532 nm pump laser, we measure the absorption of native nitrogen-vacancy centers in a
chemical-vapor-deposited diamond placed in a resonant optical cavity. For a laser pump power of 0.4 W and a
cavity finesse of 45, we obtain a noise floor of ∼100 nT/√Hz spanning a bandwidth up to 125 Hz. We project a
photon shot-noise-limited sensitivity of ∼1 pT/√Hz by optimizing the nitrogen-vacancy concentration and the
detection method.
DOI: 10.1103/PhysRevB.97.024105
I. INTRODUCTION
The nitrogen-vacancy (NV) center in diamond is currently
one of the most studied and anticipated platforms for high
spatial-resolution sensing of magnetic fields [1–3], electric
fields [4], and temperature [5,6] at ambient conditions. Several
novel applications using diamond sensors are currently being
developed in the fields of neuroscience [7,8], cellular biology
[9,10], nanoscale magnetic resonance microscopy [11], pale-
omagnetism [12], and microelectronics [13,14].
Many magnetometer schemes using NV centers are based
on recording the change in the detected fluorescence level
upon a shift of the electron spin precession frequency due
to a change of an external magnetic field [8,10,15,16]. The
fluorescence contribution of an ensemble of NV centers to
the signal increases the optically detected magnetic resonance
(ODMR) amplitude and hence boosts the sensitivity by √N ,
where N is the number of NV centers [17]. However, the
high refractive index of diamond (∼2.4) together with the
near uniform emission of NV center ensembles trap most
of the generated fluorescence due to total internal reflection.
This limits the collection efficiency and thus the smallest
detectable magnetic-field change. To increase the fluorescence
collection from a diamond, several techniques have been
demonstrated such as fabricating a solid immersion lens [18],
side-collection detection [19], employing a silver mirror [20],
using a dielectric optical antenna [21], emission into fabri-
cated nanopillar waveguides [22], and employing a parabolic
lens [23]. Alternatively, magnetic fields can also be sensed
efficiently by observing the cavity-enhanced change in the
shelving-state infrared absorption [24,25], or the change in
fluorescence when transitioning through the ground-state level
anticrossing of the NV center [26].
In this article, we report on a measurement technique for
NV ensemble magnetometry, which is based on monitoring
the spin-dependent absorption of the pump field. Using the
absorption detected magnetic resonance (ADMR) measure-
ment technique in conjunction with a cavity resonant with the
pump field, we fully circumvent challenges associated with
inefficient collection of fluorescence by detecting the absorp-
tion through the transmitted cavity mode. We demonstrate
a NV ensemble magnetometer for low-frequency magnetic-
field sensing with a measured noise floor of ∼100 nT/√Hz
spanning a bandwidth up to 125 Hz. Intriguingly, using the
reflection of an impedance-matched cavity and a diamond
crystal with an optimized NV concentration, we project an
estimated sensitivity of ∼1 pT/√Hz.
II. ABSORPTION DETECTED MAGNETIC RESONANCE
The electronic level structure of the NV defect is sum-
marized in Fig. 1(a). It consists of a 3A2 spin-triplet ground
state, a 3E spin-triplet excited state, and a 1A1 ↔ 1E shelving
state. Pumping with a 532 nm laser results in an excitation
above the zero-phonon line, which decays on a picosecond time
scale [27] to the 3E excited states by nonradiative transitions.
Moreover, there exists a nonradiative decay path through the
shelving state that is more probable for ms = ±1 of the excited
state |4〉. Continuous optical pumping depopulates the ms =
±1 spin sublevel and accumulates the population in ms = 0.
The zero-field splitting of the ground state levels |1〉 and |2〉
is ∼2.87 GHz at room temperature, making the transition
between these levels accessible using microwave (MW) fields.
The presence of a local magnetic field lifts the degeneracy of
ms = ±1 with a splitting proportional to 2γeBNV, where γe
= 2.8 GHz/T is the gyromagnetic ratio of the electron spin
and BNV corresponds to the magnetic-field projection along
the NV symmetry axis. A change in the external magnetic
field hence results in a detectable shift in the electron-spin
resonance frequency of the ODMR or the ADMR spectrum.
The continuous-wave sensitivity of the spin resonances to
small changes of an external magnetic field is proportional
to max[ d
dw
S]−1, where d
dw
is the derivative with respect to
the MW frequency ω/2π of the ADMR signal S. Using a
cavity around the diamond host crystal, a change in S can be
detected by a measurement of the remaining pump light either
transmitted through or reflected off the cavity. Intriguingly,
by appropriately tailoring the impedance of the cavity, it
is possible to obtain a unity contrast in the reflected light
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FIG. 1. (a) Summary of the NV center energy levels and tran-
sitions between them. Green laser light excites the NV center with
a rate p to a quasicontinuous vibronic state that decays quickly to
the optical excited states. The decay between two states is shown
by kab, and  corresponds to the Rabi frequency of the MW drive.
The presence of a magnetic field lifts the degeneracy of ms = ±1
proportional to 2γeBNV. Nonradiative transitions are shown by dashed
arrows. (b) Schematic of our experimental setup to perform ADMR
measurements through the cavity transmission (see the main text and
the Supplemental Material [28] for further experimental details).
power, which in turn may lead to a sensitivity in the pT/
√
Hz
range.
III. EXPERIMENT
We use the native 14NV− concentration of an off-the-shelf
single-crystal diamond grown by chemical vapor deposition.
A schematic of the experimental setup is shown in Fig. 1(b).
The optical cavity consists of two concave mirrors with a
10 cm radius of curvature set in a confocal configuration,
resulting in a minimum beam waist of 92 μm with a Rayleigh
length of ∼50 mm. The mirrors have measured reflectivities
of R1 = 94.8 ± 0.1 % and R2 = 99.8 ± 0.1 % at a pump
wavelength of 532 nm. With the diamond rotated at its Brewster
angle (θ  67◦), the round-trip beam path in the diamond
is l = 2 × 1.3 mm and the estimated excitation volume is
∼3.5 ×10−2 mm3, accounting for the standing wave and the
transverse beam profile. The finesse of a cavity is defined by
F = π√ρ/(1 − ρ), where ρ = √R1R2e−α corresponds to the
cumulative round-trip loss product and α is the propagation
loss coefficient. In the absence of the diamond, the finesse
depends solely on the product of the mirror reflectivities R1R2
and is calculated as F = 113.4 ± 4.4, which is confirmed
by the measured finesse of F = 114 ± 0.1. Incorporating the
diamond into the cavity reduces the finesse to F = 45.1 ± 0.1,
which indicates that all the effective loss in the loaded cavity
can be attributable solely to losses occurring through the
diamond. The corresponding cumulative round-trip loss of the
loaded cavity shows that the cavity is slightly undercoupled.
The propagation loss can be decomposed to α = αabsl + αr , in
which αabs is the absorption loss coefficient and αr is attributed
to all other loss channels, such as surface-based absorption,
scattering losses, and birefringence losses. The total fraction of
reflected light from the diamond to intracavity power was mea-
sured as ∼0.006, of which approximately 80% was s-polarized
light. This translates to an absorption loss coefficient of
αabs ∼ 0.0301 mm−1, taking αr ∼ 0.006. With an independent
measurement using a confocal microscope, we determined the
NV− concentration, [NV−], to be ∼2.9 ×1010 mm−3 (∼0.16
ppb) corresponding to∼ 109 NV− centers within the excitation
volume. Considering the absorption cross section of a single
14NV− at 532 nm (σNV = 3.1 × 10−15 mm2 [29]), a NV-related
absorption loss coefficient of αNVabs ∼ 9 ×10−5 mm−1 is ob-
tained. Hence, in our diamond sample most of the propagation
loss is attributed to non-NV loss channels. Using the NV
absorption loss coefficient, we estimate the ratio between the
excitation rate and the intracavity power  = p/Pcav ∼ 75
kHz/W, where the intracavity and incident powers are linked
through Pcav = Pin(1 − R1)/|1 −
√
R1R2e−α|2.
A. Spectrum
We performed ADMR measurements by recording the
remaining pump light transmitted through the diamond-loaded
cavity while sweeping the MW drive frequency across the
spin resonance. To reduce the technical noise level in our
measurement, we tapped off some laser light before the cavity,
recorded it with a second photodetector, and subtracted the
two photocurrents, as indicated in Fig. 1(b). To remove low-
frequency technical noise, we applied lock-in detection with
a frequency-modulated MW drive, directly yielding SPtLI at
the output, where Pt indicates the transmitted power through
the cavity, and LI refers to lock-in (further experimental
details can be found in the Supplemental Material [28]). A
typical frequency-modulated ADMR spectrum is presented in
Fig. 2(a). In these measurements, a static magnetic field was
aligned along the [111] axis, resulting in the outermost electron
spin resonances (SR1,SR4), while the inner peaks (SR2,SR3)
correspond to the electron spin resonances of the other three
crystallographic orientations. The three-peak feature of the
ADMR spectrum in Fig. 2(a) is a consequence of the hyperfine
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FIG. 2. Measured frequency-modulated ADMR spectrum using
(a) single-frequency excitation and (b) three-frequency excitation.
SR1 and SR4 correspond to the electron-spin resonances of single
crystallographic orientation of NV centers, while SR2 and SR3
correspond to the electron-spin resonances of the other three crys-
tallographic orientations. The purple dot in (b) indicates the point
that is most sensitive to small changes in the magnetic field.
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interaction between the NV electron spin and the intrinsic
14N nuclear spin with a coupling constant of A|| = 2.16 MHz
[30]. To enhance max[ d
dw
(SPtLI )], we excited all three 14N
hyperfine transitions simultaneously by mixing the modulation
frequency fc with a fm = A|| signal. The three-frequency
excitation results in five peaks for each electron spin resonance,
as shown by the measured spectrum in Fig. 2(b).
B. Model
An ADMR spectrum SLI may be obtained by recording the
pump beam either reflected from the cavity, SPrLI , or transmitted
through the cavity, SPtLI , as a function of the applied MW
frequency, and it may be modeled using a set of optical
Bloch equations considering the five electronic levels and
the transitions summarized in Fig. 1(a) [31]. The steady-state
level populations ρss are then obtained as a function of Rabi
frequency , optical excitation rate p, and MW detuning
 from the spin ms = 0 ↔ ms = ±1 transition. The cavity
reflection or transmission itself is a function of loss inside the
cavity, which is dominated by the absorption in diamond, while
the NV absorption in diamond depends on the NV ensemble
ground-state spin population. Applying a resonant MW field
( = 0) increases the population in the shelving state |5〉,
which possesses a longer lifetime (>150 ns [32,33]) than
the 3E excited states, and hence a lower average population
remains in the ground states |1〉 and |2〉 to absorb the pump
photons. Ultimately, the resonant MW field decreases the
optical loss inside the cavity, which can be monitored through
the light transmitted or reflected from the cavity. The steady-
state population of the optical ground state can be written as
ρssg (,p,) = ρss11 + ρss22, (1)
where ρss11 and ρss22 are the steady-state populations of |1〉 and|2〉, respectively. As the absorption of a NV ensemble depends
directly on ρssg , a change in the propagation loss as a function
of [NV−] can be described as
α(,p,,[NV−]) = α0abs + [NV−]σNVlρssg + αr, (2)
where α0abs is the loss coefficient attributed to non-NV ab-
sorption. As pump absorption in our sample is dominated by
non-NV-related processes, the absorption-based spin contrast
CADMR related to the fraction αNVabs /α is on the order of 10−6
when monitoring the absorption through the cavity transmis-
sion. The steady-state cavity outputs as a function of MW
detuning are then reformulated in terms of transmitted and
reflected powers:
Pt
Pin
= T1T2e
−α(,p,,[NV−])
|1 −
√
R1R2e−α(,p,,[NV
−])|2
, (3)
Pr
Pin
= (R1 −
√
R1R2e−α(,p,,[NV
−]))2
R1|1 −
√
R1R2e−α(,p,,[NV
−])|2
, (4)
where Pin is the laser input power to the cavity, T1 and T2 are
the transmissions of the first and second mirror, respectively,
and we assume Ri + Ti = 1. For the sake of simplicity, the
intracavity excitation rate (p = Pcav) is calculated in terms
of the input power and the propagation loss when no MW
-15 -10 -5 0 5 10 15
-6
-4
-2
0
2
4
6
(b)
S
Pt LI
(V
)
Detuning Δ (MHz)
Measured
Simulated
0.1 0.2 0.3 0.4
0.09
0.14
0.20
0.29
0.42
0.60
0.86
Laser Input Power (W)
R
ab
iF
re
qu
en
cy
Ω
(M
H
z)
0
2
5
7
10
12
Slope (V/MHz)
0.1 0.2 0.3 0.4
0.09
0.14
0.20
0.29
0.42
0.60
0.86
(c)
Laser Input Power (W)
R
ab
iF
re
qu
en
cy
Ω
(M
H
z)
0
2
5
7
10
12
Slope (V/MHz)
(a)
FIG. 3. (a) Simulated and measured frequency-modulated
ADMR spectra using three-frequency excitation. The used parameters
are Pin = 0.4 W,  = 0.3 MHz, R1 = 94.8%, R2 = 99.8%,
α0abs = 0.0781, αr = 0.006, [NV−] = 0.16 ppb, l = 2 × 1.3 mm,
 = 75 kHz/W, γ ∗2 = 1/3 MHz, γ1 = 0.182 kHz, and GV0 =
65 ×106 V. (b) Measured and (c) simulated slopes of three-frequency
excitation, frequency-modulated ADMR spectra at  = 0 as a func-
tion of Pin and . The maximum measured slope in (b) is obtained
for Pin = 0.4 W and  ∼ 0.3 MHz.
field is applied ( = 0, ρssg = 1). The lock-in signal SPiLI can
be described as a function of detuning between the carrier
frequency fc, the resonance frequency f0 ( = fc − f0), and
the modulation depth δ through
S
Pi
LI () =
GV0
2
∑
mx
∑
ml
{Pi[ + δ + (ml + mx)A||]
−Pi[ − δ + (ml + mx)A||]}, (5)
where G is the lock-in gain factor, V0 is the off-resonant
detected voltage, and Pi is either the reflected or transmit-
ted cavity power. The expression is summed over the 14N
nuclear spin quantum number ml = {−1,0,1}, and the three
frequencies mx separated by A|| in order to account for the
simultaneous drive of all three hyperfine transitions.
Using Eq. (5),SPtLI is plotted as a solid line in Fig. 3(a), taking
Pin = 0.4 W,  = 0.3 MHz, a pure dephasing rate of γ ∗2 =
1/3 MHz, a longitudinal relaxation rate of γ1 = 0.182 kHz,
and level decay rates kab extracted from [32]. We also plot the
measured ADMR spectrum as a dashed line in Fig. 3(a). The
ADMR spectrum was recorded with the same Pin and  as
the simulated spectrum. The match between the simulated and
measured traces is very good, with just a small mismatch due
to the uncertainty in the estimation of the parameters , γ ∗2 ,
and α0abs in the simulation.
C. Sensitivity
To optimize the magnetic-field sensitivity, we measure the
dependence of d
dw
(SPtLI ) of three-frequency excitation spectra
on the pump power and Rabi frequency, Pin and , at  = 0.
The results of these measurements are presented in Fig. 3(b).
The maximum slope is achieved at Pin = 0.4 W and  ∼
0.3 MHz, where the optical excitation rate by virtue of the
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FIG. 4. (a) Measurements of the magnetic noise spectral density: when the MW drive is set on the maximum slope of the frequency-modulated
ADMR, corresponding to the purple dot in Fig. 2(b) (magnetically sensitive - green trace), when the MW drive is far from any spin resonance
(magnetically insensitive - red trace), when we do not cancel out the correlated laser noise (blocked the reference detector - gray trace), and the
noise floor of the lock-in and blocked detectors for the same gain setting (black trace). (b) Measurements of the Allan deviation of magnetic
noise of the traces in (a). The drop with the slope of −1/2 identifies the white noise in the system. For the magnetically sensitive trace, there is a
minimum at ∼3.3 s that increases at higher averaging time due to thermal or mechanical drift in the system. The Allan deviation was calculated
using the overlapping method.
cavity enhancement overcomes the MW power-induced broad-
ening, allowing for a narrowing regime to be reached [34].
The simulated slopes are presented in Fig. 3(c) and obtained
using the same parameters as in Fig. 3(a). We observe a very
good agreement with respect to the overall trend, the slope
magnitude, and the location of the slope maximum.
For deducing the sensitivity of the magnetometer, we
independently measured four time traces of the lock-in signal
for Pin = 0.4 W. The first trace was measured in the optimal
magnetically sensitive configuration, with the MW drive on
resonance with a spin transition ( = 0) corresponding to the
purple dot in Fig. 2(b). The second trace was measured in
the magnetically insensitive configuration, with the MW drive
frequency far-detuned from any spin resonance ( → ∞). The
third trace was measured by blocking the reference detector
that monitored the laser output. The last trace was measured
with all detectors blocked, which shows the sum of electronic
noise from the lock-in detector and photodetectors. The Fourier
transforms of these time traces with a frequency resolution
of 0.24 Hz are presented in Fig. 4(a), where the y axis is
displayed in units of sensitivity. It shows a 125 Hz bandwidth
and a 12 dB/octave roll-off that is generated by the low-pass
filter of the lock-in detector. The choice of this bandwidth is
a consequence of the low ADMR contrast (CADMR ∼ 10−6)
measured through the cavity transmission. When the MW drive
is off-resonance, a noise floor of ∼100 nT/√Hz is achieved.
The increased noise floor when we blocked the reference
detector and only monitored the transmission through the
cavity shows the impact of substantial technical noise at the
35 kHz modulation frequency. Next, we calculated the Allan
deviation of both magnetically insensitive and magnetically
sensitive traces, which allows us to investigate the intrinsic
noise in the system. The results are presented in Fig. 4(b). The
drop of the Allan deviation with a slope of −1/2 in both traces
is a signature of white noise. For the magnetically sensitive
measurements, the white noise reaches a minimum at ∼3.3 s.
The increase of the Allan deviation at higher averaging time is
a sign of thermal or mechanical drift in the system.
IV. OUTLOOK
To better understand the context and magnitude of the
measured sensitivity, we estimate the shot-noise-limited sen-
sitivity for a single-peak ADMR as a function of [NV−],
Pin, and . Using the same physical dimensions as in our
setup (cavity length and diamond thickness), we assume a
diamond host where α0abs = αNVabs for any [NV−]. In addition,
we consider that the reflectivity of the incoupling mirror is such
that R1 = R2e−α when  = 0 for a given optical input power,
ensuring that the cavity is impedance-matched. The intracavity
power is thereby always maximized and there is no cavity
reflection when no MW field is applied. The shot-noise-limited
sensitivity was estimated from the ratio of the shot-noise level
to max[ d
dw
S]. The results of this calculation are presented in
Fig. 5 for both transmitted (a,b) and reflected (c,d) powers. We
have fixed = 0.5 MHz for (a,c) andPin = 0.5 W for (b,d). By
monitoring the transmitted power Pt and optimizing [NV−],
Pin, and , a shot-noise-limited sensitivity in the sub-100-
pT/
√
Hz range can be expected. In comparison, by monitoring
the reflected power Pr , a sensitivity in the pT/
√
Hz range is
projected. As the cavity is impedance-matched, applying no
MW field results in Pr ( = 0) ∼ 0. However, applying  on
resonance with a spin transition reduces the loss in the cavity
and pushes the cavity into the overcoupled regime. For the
case presented in Fig. 5(d) with a fixed input power Pin = 0.5
W, the optimal sensitivity of ∼1 pT/√Hz is obtained for  =
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FIG. 5. Simulated plots of the shot-noise-limited sensitivity as a function of [NV−], Pin, and  using the following parameters: R1 = R2e−α ,
R2 = 99.9%, α0abs = αNVabs , αr = 0.006, l = 2 × 1.3 mm,  = 75 kHz/W, γ ∗2 = 1/3 MHz, and γ1 = 0.182 kHz. Parts (a) and (b) are calculated
from transmission through the cavity for  = 0.5 MHz and Pin = 0.5 W, respectively. Parts (c) and (d) are calculated from reflection of the
cavity for  = 0.5 MHz and Pin = 0.5 W, respectively.
0.21 MHz and [NV−] ∼ 70.8 ppb. At these settings, the cavity
finesse is 13.7, the intracavity power reaches Pcav = 5.35 W,
and the maximum reflected power Pr ( = 0) = 0.15 μW . The
total reflected power of such an overcoupled cavity contributes
to the ADMR signal.
V. CONCLUSION
In this article, we report on magnetic-field sensing using
an ensemble of NV centers based on the variation of transmit-
ted pump power due to electron-spin dependent absorption.
Frequency-modulated ADMR spectra were measured, which
was used to record the local magnetic noise spectral density
with a noise floor of∼100 nT/√Hz spanning a bandwidth up to
125 Hz. Our simulations show that a photon shot-noise-limited
sensitivity of ∼1 pT/√Hz can be achieved when measuring
a cavity’s reflected power near the impedance-matched point
and using a diamond with an optimized NV density. ADMR
is an alternative to its ODMR counterpart, and it shows some
advantages in terms of its projected detection contrast. With
the appropriate cavity design and sample optimization, it is
anticipated that the work and technique presented here will
provide a solid foundation for NV-based magnetometers.
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EXPERIMENTAL DETAILS
Diamond and Cavity Setup
The diamond sample, grown by chemical va-
por deposition (Element 6), with a dimension of
6 mm × 6 mm × 1.2 mm and a stated nitrogen concen-
tration of <1 ppm was mounted on a MW antenna
board and placed in the center of an optical cavity at
its Brewster angle of θ ' 67◦± 0.4◦ relative to the cavity
axis. Both mirrors were anti-reflection coated for 532 nm
wavelength at their flat ends and the incoupling mirror
was attached to a piezo actuator for cavity stabilization.
The cavity was pumped with a phase-modulated and p-
polarized 532 nm laser possessing a single longitudinal
mode (Verdi SLM, Coherent). The birefringence behav-
ior of the diamond [1] made it possible to observe res-
onances of the cavity by detecting the s-polarized re-
flected light from the diamond surface. We detected
this reflected light with a silicon photodetector (Thor-
labs PDA10A) and used an in-house built feedback servo
to lock the cavity by the Pound-Drever-Hall technique.
MW Delivery
The MW field was delivered using a homemade MW
antenna consisting of a split-ring resonator lithograph-
ically prepared on a printed circuit board [2, 3]. The
antenna had a measured resonance at 2.884 GHz and a
bandwidth of ∼ 91 MHz. The homogeneity of the MW
field was tested by measuring the Rabi frequency Ω in a
confocal microscopy setup and varied < 3% over a 2 mm2
area of a diamond sample.
Detection
We used a homemade photodetector which subtracted
the currents of two Hamamatsu S2386-18K photodiodes
and converted it to voltage via a 11 kΩ load. The first
photodiode measured the transmission light through the
cavity and the second photodiode monitored the laser
output before the cavity. The power on the second pho-
todiode was adjusted to get zero DC voltage output after
subtraction. The detector was attached to a second-order
band-pass filter with a 35 kHz central frequency. In or-
der to extract the signal from the low-frequency noisy
environment, we used a lock-in detector (Stanford Re-
search Systems SR850) with a 1 ms time constant, by
modulating the MW drive at 35 kHz modulation rate
and 0.75 MHz modulation depth.
Data Analysis
Time traces were recorded using 2 kHz sampling rate
for 100 s. The power spectral density was estimated us-
ing the Welch’s method with 25 Blackman-Harris win-
dow, and 50% of the window length as the number of
overlapped samples. The spectrum was then converted
to the amplitude spectral density and in units of mag-
netic field sensitivity.
APPLYING A MAGNETIC FIELD
We generated a 60 Hz sine-wave magnetic field by plac-
ing a coil close to the diamond and monitored the mag-
netometer response by recording the lock-in signal. The
Fourier transform of the recorded time trace is presented
in Fig. 1(a) in units of sensitivity. A small portion of the
time trace is shown in Fig. 1(b). By applying a digital
band-pass filter from 55 Hz to 65 Hz, the 60 Hz signal
may be reconstructed, as presented in Fig. 1(c).
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FIG. 1. (a) Measurement of the magnetic noise spectral density (b) The magnetometer response to a 60 Hz applied sine-wave
magnetic field as a function of time. (c) The same response as (b) band-pass filtered from 55 Hz to 65 Hz.
6.3. REFLECTION-BASED MAGNETOMETRY
6.3 Reflection-based magnetometry
Using the reflection of an impedance-matched cavity is an approach to en-
hance the sensitivity, as discussed in the last section. We attempted to
impedance-match our optical cavity to perform reflection-based magnetom-
etry.
Initially, a mirror with a reflectivity of R1 = 90% at a pump wavelength
of 532 nm, replaced the incoupling mirror. A CVD diamond was laser-sliced
into three pieces at Almax easyLab, with the thickness of 150 µm, 250 µm,
and 350 µm. In all cases, the cavity is overcoupled due to the low loss of
the diamond slabs. To reach the impedance-matched point, we added more
loss inside the cavity by rotating the diamond slightly from the Brewster
angle, and an optical isolator was used to measure the cavity reflection. Al-
though the impedance-matched point should be reachable, we only observed
a minimum of ∼ 20% reflection from the cavity.
For this condition, a high reflection from cavity with a laser input of
400 mW saturates the photodetector. We attenuated the reflection power
to ∼ 1 mW and measured an ADMR spectrum, shown in Fig. 6.1 (a). To
deduce the sensitivity, we recorded a time trace while the MW drive was
off-resonance. The ASD of the time trace is displayed in Fig. 6.1 (b) in
units of sensitivity, showing a sensitivity of ∼ 600 nT/√Hz, limited by the
impedance-mismatched cavity.
Figure 6.1: (a) Plot of the measured reflection-based three-frequency-
modulated ADMR spectrum. (b) Measurement of the noise spectral density
when the MW drive is far from any spin resonance (magnetically insensitive).
Later, we used an optical fiber (Thorlabs P5-488PM-FC-2) to create a
beam with a Gaussian intensity profile just before entering the optical iso-
lator. Using the fiber reduced the cavity reflection to ∼ 10% as shown in
79
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Fig. 6.2. However, the fiber could not withstand high laser power and no
ADMR signal was measured for a cavity laser input of 10 mW.
Figure 6.2: Reflection spectrum of the loaded optical cavity as a function of
time.
80
Chapter 7
Cavity-Enhanced
Magnetometry
7.1 Introduction
This chapter includes a summary of our results on cavity-enhanced magne-
tometry, which is described in two parts. The first part presents continuous-
wave magnetometry with NV centers based on fluorescence detection. The
second part introduces NV ensemble magnetometry based on the absorption
of the pump field.
7.2 Publication
The following paper was presented at the Conference on Lasers and Electro-
Optics (CLEO) and published in OSA Publishing’s Digital Library with the
title of ”Cavity-Enhanced Nitrogen-Vacancy Ensemble Magnetometry”:
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Abstract: We demonstrate magnetic-field sensing using the intrinsic nitrogen-vacancy
concentration of a single-crystal diamond placed in an optical cavity resonant with the pump
field. We investigate two approaches based on fluorescence detection and pump absorption,
respectively.
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1. Introduction
Ensembles of nitrogen-vacancy (NV) centers in diamond are a highly promising platform for high-sensitivity detection
of magnetic fields, electric fields, and temperature at ambient conditions, with potential applications in various fields
including neuroscience, nanoscale magnetic resonance microscopy, and microelectronics [1]. Here, we report on the
combination of a diamond sample with an optical cavity resonant with the pump field. This combination allows us to
reach an enhanced sensitivity with fluorescence light detection. Additionally, we report on magnetic field sensing by
recording the remaining pump light level.
2. Magnetometry based on fluorescence detection
An external magnetic field shifts the electron spin precession frequency of NV centers, which can be detected by
monitoring the fluorescence level while driving a microwave (MW) field. This optically detected magnetic resonance
(ODMR) technique is commonly used for continuous-wave magnetometry with NV centers.
In our experiments, we used the native NV− concentration of<0.2 ppb of an untreated single-crystal diamond grown
by chemical vapor deposition. Two concave mirrors form a confocal cavity around the diamond which was placed at its
Brewster angle inside the cavity. The optical cavity is resonant at the pump wavelength of 532 nm and has a measured
finesse of 45. We applied a MW resonator to deliver frequency-modulated MW field to the diamond sample and used
lock-in detection to avoid low-frequency technical noise in our measurements [2]. The ODMR spectrum presented
in Fig. 1(a) was recorded by monitoring the emitted fluorescence from the diamond while sweeping the MW drive
frequency accross the spin resonances. For this measurement, a static magnetic field was aligned along the [111] crystal
axis, resulting in the outermost electron spin resonances (SR1,SR4), while the inner peaks (SR2,SR3) correspond to
the electron spin resonances of the other three crystallographic orientations. We excited all three hyperfine transitions
simultaneously by mixing the MW drive center frequency with a 2.16 MHz signal corresponding to the 14N axial
hyperfine splitting frequency.
The use of the optical cavity allows us to reach the linewidth-narrowing regime, thereby maximizing the measured
ODMR slope and the sensitivity [2]. For deducing the sensitivity of the magnetometer, we independently measured
three time traces of the lock-in signal for 0.4 W optical input power. The first trace was measured in the optimal
magnetically sensitive configuration, driving the MW field on resonance with a spin transition corresponding to the
blue dot in Fig. 1(a). The second trace was measured in the magnetically insensitive configuration, with the MW drive
frequency far-detuned from any spin resonance. The last trace was measured with all detectors blocked, representing
the electronic noise of our system. The Fourier transforms of these time traces are presented in Fig. 1(b), where the
y axis is displayed in units of sensitivity. The spectra show a 125 Hz bandwidth and a 12 dB/octave roll-off that is
generated by the low-pass filter of the lock-in detector. The magnetically insensitive trace shows a∼400 pT/√Hz noise
floor. The magnetically sensitive trace includes a low-frequency magnetic noise mostly due to temperature fluctuations,
and also detects a pronounced 50 Hz environmental magnetic noise.
JF3B.2.pdf CLEO 2018 © OSA 2018
3. Magnetometry based on pump absorption
As the ground state population of NV centers depends on the electron spin-state, we present an alternative technique
for magnetic-field sensing based on the absorption of pump light [3]. We monitored the transmission of the cavity
using the same diamond crystal and optical cavity. The result of sweeping frequency-modulated MW is an absorption
detected magnetic resonance (ADMR), which is presented in Fig. 1(c). It should be noted that, compared to ODMR,
the ADMR spectrum bears a 1800 phase shift. In Fig. 1(d) we present the magnetic noise spectral density for an input
power of 0.4 W, demonstrating a noise floor of ∼100 nT/√Hz in the magnetically insensitive trace.
The ADMR spectrum can be modeled using a set of optical Bloch equations considering five electronic levels of
the NV center. Employing an optical cavity, an ADMR spectrum may be obtained by recording the pump beam either
reflected from or transmitted through the cavity as a function of the applied MW frequency [3]. The simulation results
agree very well with the measured ADMR traces, as evidenced by the dashed line in Fig.1(c). Based on our simulations
and considering a diamond with an optimized NV density, we estimate a photon shot-noise-limited sensitivity of
∼1 pT/√Hz when measuring a cavity’s reflected power near the impedance-matched point.
4. Conclusion
In conclusion, we report on a cavity-enhanced diamond magnetometer using the low NV concentration of a chemical-
vapor-deposited diamond crystal. We reached a linewidth-narrowing regime by virtue of using a cavity resonant with
the pump light, allowing for a sensitivity in the sub-nT/
√
Hz regime to be reached based on fluorescence light detection.
In addition, we introduced an alternative spin resonance detection technique based on pump light absorption. We
measured the cavity-assisted ADMR and obtained a noise floor of ∼100 nT/√Hz. We project a photon shot-noise-
limited sensitivity of ∼1 pT/√Hz by optimizing the NV concentration and the detection method. Using this technique
we circumvent challenges associated with inefficient fluorescence collection.
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Fig. 1: Measured frequency-modulated (a) ODMR and (c) ADMR spectra. SR1 and SR4 correspond to the electron-
spin resonances of a single crystallographic orientation, while SR2 and SR3 correspond to the resonances of the other
three orientations. The blue dots indicate the points with the steepest slope and highest sensitivity. The dashed line in
(c) is a simulated ADMR spectrum. The magnetic noise spectral density measurements are presented in (b) and (d),
corresponding to ODMR and ADMR, respectively. The electronic noise for the same gain setting is also presented.
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Chapter 8
Outlook
In this thesis, continuous-wave magnetic field sensing with NV centers in
diamond was discussed. First, background regarding the properties of NV
centers and its use in sensing was described. Next, our experimental frame-
work for cavity-enhanced magnetic field sensing with an ensemble of NV
centers was introduced. Finally, the experimental results were presented. By
measuring the changes in the fluorescence level, we demonstrated a magnetic
noise density of ∼ 400 pT/√Hz spanning a bandwidth up to 125 Hz. In
addition, a magnetic noise floor of ∼ 100 nT/√Hz was measured based on
recording the absorption of the pump light.
The sensing of magnetic fields has important applications, especially in
the fields of biology and biomedicine as it can be used noninvasively for di-
agnoses. However, several limitations have prevented current high-sensitive
magnetometers to be accessible to every laboratory and hospital around the
world, and thus, the development of affordable and sensitive magnetometers
is required. The authors of Ref. [111] have discussed the commercial viabil-
ity of diamond magnetometers, and they have estimated that an improved
version of an NV magnetometer with the same functionality as SQUID mag-
netometers would be in demand for magnetocardiography devices.
Although we demonstrated sub-nano-Tesla/
√
Hz magnetic field sensing,
there are possibilities for improvement in terms of material, light coupling,
collection efficiency, MW delivery, and reflection-based ADMR.
In our experiments, most of the propagation loss through the diamond
was attributed to the non-NV loss channels. These loss channels reduced
the finesse of the optical cavity and thus the excitation efficiency. Using a
diamond where absorption of the NV centers is the dominant loss channel,
increases the cavity-assisted excitation. Moreover, we determined the NV
center concentration of ∼ 0.16 ppb. A diamond with a higher density of NV
centers improves the sensitivity by by a factor
√
N, where N is the number
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of NV centers [11]. The concentration of NV centers can be enhanced by
electron or ion irradiation and high-temperature annealing [112].
Expanding the excitation volume is another approach to address more NV
spins, at the expense of a lower spatial resolution. In our measurements, we
illuminated∼ 109 NV centers within the excitation volume of 3.5×10−2 mm3.
This volume can be increased by trapping the laser light inside the diamond
and increase the optical path length [88].
In addition, a better photon collection scheme improves the sensitivity.
We collected the fluorescence light only from one side of a diamond, which
can be enhanced, for instance, by having high-reflection coating for red wave-
lengths on the opposite side of the diamond.
Based on our simulation, the reflection-based ADMR using an impedance-
matched cavity enhances the sensitivity. Considering our attempt to reach
the impedance-matched point, discussed in Section 6.3, an almost perfect
Gaussian beam and better control of the loss inside the cavity is necessary
to ensure no reflection occurs from the cavity input port.
Furthermore, a diamond magnetometer can be developed as a handheld
device. An example of a handheld sensor is designed in Ref. [113], and its
schematic is drawn in Fig. 8.1. The device contains a diamond, an MW
antenna, a permanent magnet to resolve all orientation of the NV centers,
and a photodiode to collect the fluorescence photons. The optical drive, MW
drive, and all electronics such as LIA are included in a different holder and
are connected to the handheld sensor with optical fiber and cables.
Figure 8.1: Schematic of the handheld magnetometer developed in Ref. [113].
Green arrow indicates the optical path of the excitation beam through the
diamond. The magnetic sample is place on top of the MW antenna which
has a thickness of 0.5 mm and shown in gray. The fluorescence is collected by
attaching a photodiode on the larger side of the diamond with some index-
matching material in between.
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Figure 8.2 (a) shows a frequency-modulated ODMR spectrum measured
with this handheld magnetometer using three-frequency excitation. A mag-
netic noise density of ∼ 60 nT/√Hz is demonstrated in Fig. 8.2 (b) spanning
a bandwidth up to 125 Hz. The measurement is limited by the technical noise
of the laser. An order of magnitude improvement is expected by canceling
out the correlated laser noise.
Figure 8.2: Characterization of the handheld magnetometer. (a) Plot of
measured three-frequency-modulated ODMR spectrum. (b) Measurements
of magnetic noise spectral density: The red trace corresponds to the magnet-
ically sensitive configuration, when the MW drive being set to max(| d
dω
S|) of
the spin resonance, the blue trace is magnetically insensitive and measured
when the MW drive was off-resonance, and the black trace shows the elec-
tronic noise of the system, when the detector was blocked. (b). Data taken
from Ref. [113].
Diamond magnetometers operate at room temperature and have the po-
tential to reduce the complexity and cost of the current state-of-the-art high-
sensitive magnetometers. In addition, replacing the laser with an LED source
reduces the cost of a device. An improved magnetic field sensor of approx-
imately two orders of magnitude, compared to the presented results in this
thesis would be practical for applications such as magnetocardiography.
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